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Fungal and oomycete pathogens have a significant influence on species extinctions,
food security, ecosystem disturbances, and even human health. The large diversity
of pathogenic fungi and oomycetes, and their acquired resistance to most antifungal
agents, make treatment extremely difficult. Therefore, the aim of this work was to
develop a lab-on-a-chip platform for high-throughput screening on individual spores
and hyphae of fungi and oomycetes. This will help investigating and understanding the
mechanisms of their invasive growth, and the development of antifungal compounds
to control them.
The ability of invasive growth of fungal and oomycete hyphae to penetrate through
host tissue is essential for pathogenicity. Given the importance of protrusive force,
which is considered as the force generated by hyphae to grow invasively, this thesis
introduces two Lab-on-a-Chip (LOC) platforms with elastomeric micropillars as force
sensors for the study of underlying mechanisms enabling force generation. In the first
case, an existing mycelial LOC platform was improved to contain single free-bending
micropillars in channel constrictions, which enabled the measurement of protrusive
forces exerted by individual hyphal tips of fungi and oomycetes. The platform design,
fabrication process and photoresist optimization required to adapt the microfluidic
platform to different hyphae sizes and corresponding high aspect-ratio micropillars are
reported. To demonstrate the applicability of the platform, oomycete Achlya bisexualis
and fungus Neurospora crassa were cultured on the devices and the forces exerted by
individual hyphae measured.
For the second case, this thesis described the development of a novel monolithic
LOC platform enabling high-throughput screening of different lifecycle stages and
parameters of fungi and oomycetes, including spore germination, growth of resulting
hyphae and their protrusive force generation. The platform integrates single zoospore
capture and culture function with micropillar force sensing, allowing for investiga-
tions on an individual organism level. This is achieved by introducing hydrodynamic
vi
trapping of single cells and pneumatic membrane valves for compartmentalization.
Single zoospores of oomycete A. bisexualis were demonstrated to be successfully
captured in the trap sites via constriction structures in the parallel measurement chan-
nels, and the trapping and germination efficacies of two types of constrictions were
tested. Two types of pneumatic membrane valves, normally-open and normally-closed
microvalves, were implemented and evaluated for quality of compartmentalization in
this thesis. Normally-closed microvalves with individual control for each measurement
channel showed more effective single spore capture and compartmentalization. Using
these valves, germinated hyphae from trapped oomycete A. bisexualis zoospores were
observed to extend along measurement channels of the LOC platform, impacting with
the force sensing micropillars, allowing for their growth rate and protrusive forces to
be evaluated.
In addition to the two LOC platforms, this thesis presents a number of other im-
provements on and contributions to device fabrication and experimentation, includ-
ing high-resolution alignment marks for two-layer photoresist master; PDMS chip
alignment and assembly for producing platforms with membrane valves, especially
normally-closed microvalves; experimental setup for independent and precise control
of channels with liquid or air, and in-depth characterization of flow on the platform
during operation of normally-closed microvalves.
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1.1 Pathogenic fungi and oomycetes
Fungi and oomycetes are crucial components of most ecosystems and play key roles in
the degradation of organic matter and nutrient recycling [1, 2]. However, some species
can be pathogenic and can cause significant diseases in plants, animals and humans
[3, 4]. In the last two decades in particular, the number of infectious diseases caused
by fungi and fungal oomycetes has increased and led to severe die-offs and extinctions
[5].
Probably the most well-known oomycete pathogen is Phytophthora infestans, which
causes potato late blight. The epidemic outbreaks of P. infestans in Ireland from 1845
to 1849 caused significant crop failures. About one million people died and a million
more emigrated from Ireland, a period referred to as The Great Famine [4]. Similar to
potatoes, other crops are also attacked by fungal and oomycete diseases. For instance,
rice blast caused by Magnaporthe oryzae [6], wheat stem rust by Puccinia graminis
[7] and soybean rust by Phakopsora pachyrhizi [8] threaten major food crops. As such,
the emerging infectious diseases caused by fungi and oomycetes not only lead to direct
economic losses, but also pose a worldwide threat to food security [9].
Fungal and oomycete infections have driven high risks of biodiversity losses for
both animal-host and plant-host species [9]. Batrachochytrium dendrobatidis, which
causes chytridiomycosis in amphibians, can infect over 350 amphibians species on all
continents except Antarctica, and has driven the severe decline of over 200 of these
species [10]. An example of this in plants is ash dieback caused by Hymenoscyphus
pseudoalbidus, which affects ash trees of all age classes [11]. The high mortality levels
of ash trees are likely to have major ecological effect on European biodiversity and
forest ecosystems. In New Zealand in particular, kauri dieback disease, caused by the
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oomycete pathogen Phytophthora agathidicida, is threatening kauri trees, which are
one of the world’s largest and longest-living conifer species [12]. Kauri are now iden-
tified in New Zealand as a "Threatened – Nationally Vulnerable" species in regards to
their conservation status, mainly due to the continued spread of kauri dieback disease
and no known cure of infected trees [13].
Fungal infections can also affect human health. The most common of such fungal
diseases are the superficial mycotic infections of the skin and nails that affect more than
20-25 % of the world’s population [14]. Invasive fungal diseases cause unacceptably
high mortality rates and kill about one and a half million people every year, more
than killed by tuberculosis or malaria [15]. Cryptococcosis for example caused by
Cryptococcus neoformans, usually attacks the lungs or the central nervous system of
people who have weakened immune systems. According to a report from the Center
for Disease Control and Prevention (CDC), one million cases of brain infections due
to Cryptococcus occur among people with HIV/AIDS worldwide each year, resulting
in nearly 625,000 deaths [16].
Human activity has contributed to the spread of fungal disease by trade and transport,
and also to accelerated evolution of virulence in pathogenic fungi and oomycetes by
modifying natural environments [9]. Furthermore, global climate change is altering
the distribution of fungal infections through increasing water or temperature stresses
on plants [17], and can enable increased survival of pathogens outside their historic
occurrence ranges [18]. All of this is compounded by the fact that fungal and oomycete
infections are difficult to treat because of their diversity and rapid evolution of resis-
tance to antifungal drugs [19]. In addition, antifungal agents can also compromise
human cells when treating human fungal infection. Resistance of fungal pathogens to
most, or all antifungal agents has been reported, which impedes mankind’s ability to
control infections [20]. The latter in particular demonstrates an urgent need for the
discovery of novel treatments for infectious fungal and oomycete diseases, a cause this
thesis aims to contribute to.
1.2 Aim of research
Given the increasingly serious impact of fungal and oomycete pathogens on human
health, food security and ecosystem resilience, development of novel targets, antifungal
drugs and treatment methods are needed [3]. Therefore, it is important to strengthen
and expand investigations that help our understanding of the molecular mechanisms
that underline the invasive growth of fungi and oomycetes and their increasing drug
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resistance. The aim of this research is to develop a lab-on-a-chip platform, which
is capable of parallelized screening on individual hyphae of fungi and oomycetes,
taking into account cellular heterogeneity, nuclear distribution and dynamics at the
sub-hyphal level in response to exposure to various biocontrol strategies.
Objective 1: Optimize the existing mycelial Lab-on-a-Chip plat-
form containing elastomeric micro-pillars for force sensing
In many cases the capability of extending tips of fungal and oomycete hyphae to
penetrate throughout host tissue and the resulting protrusive force are essential for
pathogenicity [21]. Previous work demonstrated the growth of the hyphal oomycete
A. bisexualis on PDMS devices and the possibility of protrusive force measurement
by the use of integrated elastomeric micro-pillars [22, 23]. This thesis aimed to
optimize the micro-channel structure, which guides individual hyphal growth from
a transplanted mycelium, and miniaturize the force sensing pillars to increase the
flexibility of the platform. This was demonstrated by engineering species-specific
microfluidic platforms, which extend the applicability of the technique to fungi and
oomycetes with hyphal diameters in the 5 to 30 µm range.
Objective 2: Develop a monolithic Lab-on-a-Chip platform inte-
grating single zoospore capture and germination with protrusive
force sensing
The germination of hyphae from either zoospores or conidia is a crucial stage, leading
to new infections and penetration into a plant or animal [4]. Therefore, this thesis
aimed to combine in-channel high-aspect ratio sensing pillars for protrusive force mea-
surements with zoospore trapping, on-chip germination and maintenance. Moreover,
pneumatic membrane microvalves were to be introduced for high-throughput compart-
mentalization of individual zoospores or conidia. This would allow investigation of
the effects of cell-to-cell variability and heterogeneity on hyphal growth and protrusive
forces generated by these microorganisms.
Objective 3: Characterize zoospore capture, maintenance, germi-
nation and germling force generation on-chip
The characteristics of capture, maintenance and germination of zoospores of the
oomycete A. bisexualis were to be evaluated on the platform. Trap site design and
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micro-valves were to be optimized in order to improve the trapping and germination
efficiency. Zoospore germination and resulting hyphal growth were to be characterized.
Finally, the platform was to be used to measure protrusive forces exerted by germ
tubes and hyphae originating from the trapped zoospores.
1.3 Thesis contributions
The most significant contributions this thesis makes is in developing and optimizing
a platform capable of screening the tip growth and protrusive force generation of
individual hyphae of fungi and oomycetes. Variations of the platforms developed in
this process are capable of maintenance of hyphae originating from both mycelium and
zoospores. In particular, the zoospore version combines for the first time hydrodynamic
trapping and zoospore compartmentalization with single hypha force sensing. Other
major contributions include:
1. In-channel fabrication of high aspect-ratio sensing micropillars [24]. A novel
approach to fabricate single high aspect-ratio elastomeric micropillars in-situ in
constrictions inside microchannels was developed. The devices were adapted
for force measurements on hyphae from different species that had differing
diameters.
2. Combination of single zoospore capture with force sensing [25]. Hydrodynamic
flow-assisted single cell trapping was combined with micropillar force sens-
ing. This enabled the on-chip observation of zoospore germination and force
measurements on resulting germlings/hyphae.
3. Compartmentalization based on pneumatic membrane microvalves. Hydrody-
namic flow-assisted trapping and force sensing were expanded towards sin-
gle zoospore compartmentalization by integration of pneumatic membrane mi-
crovalves. Independent control of microvalves integrated into each trapping
channel facilitated the first high-throughput trapping, germination and force
sensing on germlings.
In addition, other minor contributions were made by this thesis, including the improve-
ment of alignment marks for two-layer photoresist masters; the use of dyes to improve
visualization and tracking of integrated micropillars; demonstration of PDMS chip
alignment and assembly for the multilayer platform; development of an experimental
setup for independent control of multiple inlet/outlet ports and flow characteristics of
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the platform. These may benefit platform design and fabrication for others in the future.
The following publications have resulted from this work:
Journal articles
1. Y. Sun, A. Tayagui, A. Garrill and V. Nock, "An integrated microfluidic platform
for zoospore germination and hyphal force sensing", In Draft.
2. Y. Sun, A. Tayagui, A. Garrill and V. Nock, "Fabrication of In-Channel High-
Aspect Ratio Sensing Pillars for Protrusive Force Measurements on Fungi and
Oomycetes", Journal of Microelectromechanical Systems, vol. 27, no. 5, pp.
827-835, 2018.
3. A. Tayagui, Y. Sun, D. A. Collings, A. Garrill, and V. Nock, "An elastomeric
micropillar platform for the study of protrusive forces in hyphal invasion", Lab
on a Chip, vol. 17, no. 21, pp. 3643-3653, 2017.
Conference proceedings
1. Y. Sun, A. Tayagui, A. Garrill, and V. Nock, "A Monolithic Polydimethylsilox-
ane Platform for Zoospore Capture, Germination and Single Hypha Force Sens-
ing", in 20th IEEE International Conference on Solid-State Sensors, Actuators
and Microsystems (Transducers), pp. 409-412, 2019.
2. Y. Sun, A. Tayagui, H. Shearer, A. Garrill, and V. Nock, "A Microfluidic Plat-
form with Integrated Sensing Pillars for Protrusive Force Measurements on
Neurospora crassa", in 31st IEEE International Conference on Micro Electro
Mechanical Systems (MEMS), pp. 1116-1119, 2018.
The work described in this thesis has also been presented in various forms:
1. V. Nock, Y. Sun, A. Tayagui, D. Sarkar and A. Garrill, "Using Lab-on-a-Chip
technology to reduce complexity in plant-fungi interaction studies", Queenstown
Research Week 2019, Queenstown, New Zealand, 2019. (Oral Presentation)
2. Y. Sun, A. Tayagui, A. Garrill, and V. Nock, "A Monolithic Polydimethylsilox-
ane Platform for Zoospore Capture, Germination and Single Hypha Force Sens-
ing", in 20th IEEE International Conference on Solid-State Sensors, Actuators
and Microsystems (Transducers), Berlin, Germany, 2019. (Oral Presentation)
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3. Y. Sun, A. Tayagui, A. Garrill and V. Nock, "Trapping and Maintenance of
Individual Zoospores On-Chip for Single Cell Protrusive Force Measurements",
in 9th International Conference on Advanced Materials and Nanotechnology
(AMN9), Wellington, New Zealand, 2019. (Oral Presentation)
4. A. Tayagui, Y. Sun, V. Nock and A. Garrill, "The use of Lab-on-a-Chip devices to
study the invasive growth of oomycetes", in 20th Oomycete Molecular Genetics
Network Annual Meeting, Oban, Scotland, 2019. (Oral Presentation)
5. Y. Sun, A. Tayagui, H. Shearer, A. Garrill, and V. Nock, "A Microfluidic Plat-
form with Integrated Sensing Pillars for Protrusive Force Measurements on
Neurospora crassa", in 31st IEEE International Conference on Micro Electro
Mechanical Systems (MEMS), Belfast, UK, 2018. (Poster Presentation)
6. V. Nock, A. Tayagui, Y. Sun and A. Garrill, "Characterization of protrusive
forces generated by individual hyphal tips of Achlya bisexualis on a lab-on-
a-chip platform", in 15th International Congress of Mycology and Eukarotic
Microbiology (IUMS 2017), Singapore, 2017. (Oral Presentation)
1.4 Thesis structure
In this thesis, a monolithic PDMS platform based on LOC technology is introduced,
which provides a new tool to help understand the molecular processes that underlie
protrusive growth of fungi and oomycetes on a single cell/hyphal level. The platform
and associated technologies developed as part of this thesis may present new ways to
tackle the pathogenic growth of these organisms.
In addition to this introduction, the thesis consists of six main chapters, as shown in
Fig. 1.1, with each covering the following content:
Chapter 2: Overview of existing models for mechanisms underlying the invasive
growth of fungal and oomycete hyphae; summary of established measurement
methods for protrusive forces; and review of LOC devices designed to maintain
and study tip-growing cells.
Chapter 3: Modification and optimization of the existing mycelial LOC platform.
The optimized version places single elastomeric micropillars in each measure-
ment channel, instead of micropillar arrays, and improves pillar hit rates by
means of reducing geometrical tolerances. This allows the measurement of pro-
trusive forces exerted by individual fungal and oomycete hyphae. Chip design
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Figure 1.1: Outline of this thesis.
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for specific organisms, fabrication processes for two-layer resist master and
PDMS chip production, including novel photoresist optimization and platform
application, are covered.
Chapter 4: Force sensing developed for the mycelial platform is combined with
zoospore capture in a monolithic platform. Hydrodynamic trapping is introduced
to parallelize zoospore loading. This enables the observation of on-chip zoospore
germination and single hypha force generation. The design of hydrodynamic
trap sites, fabrication of the two-layer PDMS platform with normally-open sieve
microvalves, zoospore maintenance and germination, as well as proof-of-concept
force sensing are described.
Chapter 5: Integration of the normally-closed microvalves to overcome the limita-
tions of sieve microvalves. Compartmentalization of trapped zoospores and
measurement channels is optimized by preventing back-growth of hyphae with
the help of normally-closed microvalves. The chapter describes the design of the
platform with normally-closed microvalves, the fabrication processes for inte-
gration of independently controlled microvalves, the optimization of microvalve
air chambers and comprehensive characterization of fluid flow during operation
of the platform.
Chapter 6: Demonstration of single zoospore capture and force sensing on individual
germ tubes. The zoospore platform containing normally-closed microvalves
is used to trap and maintain zoospores on-chip for demonstration of hyphal
growth and force sensing. Zoospore trapping, maintenance to germination, char-
acterization of germling and germ tube development and proof-of-concept force
measurement on the platform with normally-closed microvalves are described
in this chapter.
Chapter 7: Conclusions and future work. This final chapter provides a summary of
the work presented in this thesis and recommendations for future research.
Chapter 2
Background
This chapter describes the infection strategies of pathogenic fungi and oomycetes, and
the mechanism underlying their invasive growth. Together, these point to protrusive
force generation as being an essential mechanism for fungal and oomycete hyphae to
penetrate through host tissue. Thus, given the importance of force, the chapter then
reviews existing methods for protrusive force measurement, such as optical tweezers
and strain gauges. Finally, more recent approaches to characterize hyphal and other
tip-growing microorganisms with lab-on-a-chip (LOC) techniques are summarized.
The chapter finishes by concluding that further developments in LOC devices, such as
described in this thesis, have the potential to help improve the understanding of the
fundamental biology related to hyphal organisms.
2.1 Fungi and oomycetes
Fungi are organisms that secrete enzymes into the surrounding environment, digest
organic matter, and absorb the nutrients back via tubular hyphae [1]. They belong
to the group Opisthokonta, which are phylogenetically more related to animals than
to plants [26]. Fungi are immensely diverse, currently estimated to have 2.2 to 3.8
million species [27], and play important roles in nutrient recycling. In addition to
this crucial role in ecosystems they also impact humans many ways. In addition to
edible fungi, such as mushrooms and ingredients for production of bread and alcoholic
drinks [28], fungi are used to produce medicines [29], in paper manufacturing [30],
washing detergents [31] and many other applications. In plants, positive plant-fungal
interactions are found ubiquitously, especially in plant roots [32]. Beneficial symbiotic
fungi for example enhance water and mineral nutrient uptake of plants from the soil,
and help with plant defences to pests and diseases. While doing so, fungi rely on their
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plant hosts for carbohydrate acquisition. Mycorrhizal fungi also benefit terrestrial
ecosystems via regulation of nutrient and carbon cycles, litter decomposition, soil
formation and aggregation [33].
Oomycetes resemble fungi, however, they are grouped within the Stramenopiles, which
are phylogenetic relatives of brown algae [34]. Oomycetes have approximately 500
recognized species in freshwater and terrestrial environments, and include saprophytes
and pathogens [35]. Several of these are well known as crop and plant pathogens, such
as potato late blight disease and kauri dieback disease, as mentioned in Chapter 1. Most
oomycetes have similar modes of nutrition and ecological roles to fungi by producing
networks of hyphae, which secrete enzymes to breakdown complex nutrients and take
up the resulting simple sugars and amino acids [36]. Differences in their respective
biochemistries mean that oomycetes and fungi are sensitive to conventional fungicides,
for example the Azole group of fungicides [37].
2.2 Pathogenic fungi and oomycetes
Although only a small minority of fungi and oomycetes are pathogenic, they have a
rich diversity and widespread impact on human health, dwellings, agriculture, plants
and animals [38]. In addition, the wide-spread use of antifungal agents for prophylaxis
and treatment of fungal and oomycete infections has facilitated the emergence of
drug-resistant fungal pathogens [39]. In New Zealand alone, researchers recorded the
arrival of 466 new fungal pathogen species on 131 host plants from 1881 to 2012 [40].
These data show that, while fungal pathogen arrival rates have declined or remained
steady for pasture, crop, and fruit tree species in recent decades, those for forestry
species have continually increased. As a result of the latter, and due to the profound
effect of kauri dieback, as an exemplar disease, has been having in New Zealand,
this thesis aimed to specifically develop LOC devices for the study of root attacking
pathogens (i.e. Phytophthora species). Due to biosecurity restrictions however, all
proof-of-concept experiments were performed with the oomycete Achlya bisexualis
and fungus Neurospora crassa as model organisms because of their relative safety and
ease in handling.
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2.2.1 Fungi and oomycete infection strategies
Despite evolutionary distance between fungi and oomycetes [34], they both produce
mycelia, form spores for asexual and sexual reproduction, and share a range of infection
strategies [41].
Reproduction of fungal and oomycete spores and dispersal capacity are critical for
successful colonization in a new environment [42]. Durable fungal and oomycete
spores can survive independently outside their hosts for long durations and in extreme
conditions ranging from cold and heat to drought [4, 9]. As shown in Fig. 2.1, asexual
spores of some oomycetes (sporangia) are able to germinate directly, forming invasive
hyphae in the process, whereas sporangia of most oomycetes germinate indirectly,
releasing motile zoospores [43]. In plant pathogens, zoospores and fungal spores
(conidia) secrete adhesive material to firmly attach themselves to the plant surface
before penetration [45]. Then, when supplied with the appropriate nutrients and
moisture, germination of spores occurs, which includes swelling of the spores and
initiation of polarized growth (germlings) [46]. Resulting germlings grow across
the plant surface, navigating chemotropically towards a suitable penetration site. In
some fungal and oomycete pathogens, such as the oomycete grape downy mildew
Plasmopara viticola, the germlings/hyphae enter the host via natural openings, such
as the stomata on plant leaves [47]. Others secrete toxins and/or enzymes, apply
mechanical force, or subvert cellular processes of the host to penetrate its cell walls
[48]. This is often accompanied by a morphological change, such as producing invasive
hyphae and/or specialized infection structures, so called appressoria. Following
penetration of the epidermis, for a biotrophic lifestyle or during the biotrophic phase
of the hemibiotrophs, fungi and oomycetes generate vegetative hyphae that grow
intercellularly and form spherical or lobed structures (haustoria), which penetrate the
adjacent plant cells [44]. Haustoria are the key structures related to nutrient uptake of
fungi and oomycete from host plants for foliar and root pathogens.
Infective fungi and oomycetes reproduce mitotically within the host as part of the
disease cycle, which usually occurs after establishment of infections and development
of lesions [48]. In the case of fungal pathogens, the ability for sexual reproduction
is important for lineage survival because it can promote genetic variation and rapid
evolution [49]. However, sexual reproduction of many species is rarely found in nature
[50]. In contrast, sexual reproduction is more significant component of the life cycle
of oomycetes [51]. In addition to benefits to genetic variation, sexual reproduction
also produces the more robust, thick-walled sexual spores, called oospores. Figure 2.2
shows an example of the life cycle of oomycete plant pathogens. In both homothallic
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Figure 2.1: Infection strategies and lifestyles of selected oomycetes. (a) Typical
asexual Phytophthora dispersal structures. Sporangia are able to germinate indirectly
via zoospore release or directly via formation of invasive hyphae. (b) Leaf colonization
via encystment or the formation of appressoria. (c) Root colonization by a cyst via
formation of an appressoria. Reproduced with permission from Fawke et al. [44].
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Figure 2.2: Simplified life cycle of homothallic oomycete plant pathogens. Reproduced
with permission from Judelson [51].
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and heterothallic species of oomycetes, male and female gametangia develop at hyphal
tips, pair and form oospores between or within lesions [52]. The oospores then grow
germ tubes and form germ sporangia, which are structurally similar to asexual conidia
or sporangia. The occurrence of sexual and asexual sporulation can vary in pathogen
and host species, climate and other issues [53]. However, in many pathosystems of
oomycete plant pathogens, oospores incorporate into soil or plant debris, survive the
winter and cause the outbreaks of disease in a new growing season, while zoospores
typically form on plant surfaces and lead to subsequent secondary infections [4, 51].
2.2.2 Mechanisms underlying the invasive growth of fungal and
oomycetes hyphae
Pathogenic fungi and oomycetes acquire nutrients via invasive growth, in which hyphae
penetrate and branch throughout host tissue [54, 55]. Long, branching filamentous
hyphae are the main structures vegetative in both microorganisms [56]. Hyphae consist
of one or more cells surrounded by a tubular cell wall. The major structural polymer of
the fungal cell walls is chitin, whereas oomycetes have predominantly cellulosic cell
walls [57]. In most fungi, hyphae are divided into cells by internal cross-walls (septa),
whereas oomycetes tend to form aseptate structures [41]. Septa in fungi are typically
perforated by pores large enough for ribosomes, mitochondria and sometimes nuclei
to transfer between cells. Depending on the species, hyphae can range in diameter
from 2 to 30 µm [58].
Invasion of a host by fungi and oomycetes is thought to be guided by a complex
interplay of secretion of lytic enzymes and application of mechanical force driven by
internal hydrostatic pressure (turgor) [21]. Enzymes are likely to contribute to this
process by reducing host tissue resistance. Particularly for some pathogenic fungi
and oomycetes that directly produce mycelium or only exhibit minor morphogenetic
changes during penetration, cell wall–degrading enzymes may be the primary mech-
anism in the infection process [59]. This was suggested in experiments where the
SNF1 gene of the maize pathogen Cochliobolus carbonum, which is required for
expression of catabolite-repressed genes, was inactivated [60]. The results showed
that in the SNF1 mutants, activities of secreted enzymes were reduced and they were
much less virulent on susceptible maize, while at the same time retaining their normal
morphology. This view was also supported by comparing the pressures exerted by
hyphae with the resistance of skin tissue [61, 62]. Microprobes attached to strain
gauges were utilized to measure substrate resistance by monitoring the forces required
to pierce tissues [61]. The experiments showed that a mean resistance of 24 MPa was
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necessary to penetrate human skin from fresh cadavers, while the maximum pressure
of single hyphal apices of pathogen Pythium insidiosum was 0.3 MPa.
Turgor is one of the major forces which provides mechanical support for free-standing
structures and drives cellular expansion, substrate penetration and other processes
[63, 64]. It is generated by osmosis, the influx of water driven by a concentration
difference of osmotically active substances between the inside of the cell and the
surrounding medium or substrate [65]. The first direct measurement of hyphal turgor
pressure was reported using a micropipette-based pressure probe [66]. When the
micropipette tip was inserted into the growing hypha, the oil meniscus (an oil/cytosol
interface) was moved into the micropipette by turgor pressure. The pressure that had to
be applied to force the oil meniscus back to the tip of the micropipette was measured
as turgor of the hypha. This method has since been used for turgor measurement
experiments on both oomycetes and fungi, with, for instance, 0.7 MPa recorded for
Achlya bisexualis [67] and 0.45 MPa for Neurospora crassa [68]. While turgor exerts
an equal force over every portion of inner surface of the cell wall, only the apical
cell wall or a branch site of a hypha is compliant. Thus, a hypha exerts the highest
proportion of its turgor against the substrate in contact with their growing tips [69, 70],
as shown in Fig. 2.3.
Figure 2.3: Force generation in tip-growing plant and fungal cells. The actin cytoskele-
ton is responsible for transporting cell wall material to the apical cell wall. The pushing
force is generated by the turgor. Only where the cell wall is compliant, is this pressure
felt as effective force outside of the cell (green arrows). Reproduced with permission
from Nezhad and Geitmann [65].
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The magnitude of protrusive force, the actual force generated by fungal and oomycete
hyphae to grow invasively, is thought to arise from a balance between turgor pressure
and tip yielding [71, 72]. According to experiments comparing F-actin depleted zones
and turgor in the oomycete A. bisexualis and fungi N. crassa while these were growing
either invasively and non-invasively, decreases in F-actin at actively extending tips
may result in protrusive force increases in the absence of turgor increases.
2.3 High-throughput screening for antifungal agent dis-
covery
Given the significant diseases caused by fungi and oomycetes and the emergence of
antifungal resistance, the efficient identification of new or alternative antifungal agents
is of high priority. To this end, High-Throughput Screening (HTS) of small molecules
from libraries of synthetic compounds and natural products, originally developed
for the pharmaceutical industry [73], has been used for antifungal drug discovery
[74–76]. By combining with HTS technology, the processes of phenotype-based
and target-based drug discovery approaches could be sped-up and hit rates increased,
owing to screening of a multitude of small molecules [75]. For instance, Watamoto
et al. tested a library of 1280 pharmacologically-active compounds using HTS with
antifungal susceptibility tests in 96-well plates. They used this technique to identify
antifungal agents with activity against the fungus Candida albicans, the major fungal
pathogen in humans, particularly in immunocompromised individuals [77]. Out of
the 1280 compounds, only 35 inhibited the metabolic activity of C. albicans by over
50 %. Among these, five compounds exhibited strong fungicidal effects, inhibiting the
metabolic activity of C. albicans by over 90 %, while only one compound, CV-3988,
showed no cytotoxicity to human cells at a fungicidal concentration.
More recently, Lawrence et al. screened root and leaf extracts of four New Zealand
native plants likely to produce anti-Phytophthora compounds [78]. Crude extracts
were screened to evaluate their effects on zoospore motility, zoospore germination,
and mycelial growth of the oomycetes Phytophthora agathidicida and Phytophthora
cinnamomi. Only extracts of the kānuka leaf and root were found to inhibit zoospore
motility of both species within less than 5 mins. The same extracts completely
eliminated germination of P. agathidicida zoospores, reduced zoospore germination
of P. cinnamomi by more than 50 % and inhibited mycelial growth for both species.
Furthermore, flavanones,which had not previously been reported as anti-Phytophthora
compounds, were purified from the kānuka leaf and demonstrated to have identical
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effects on these three lifecycle stages.
While promising, natural limitations of HTS in relation to fungal assays have so
far led to the discovery of only a very limited number of new compounds. In HTS
studies reported to date, fungi and selected compounds were cultured and screened
in well plates, which made screening more difficult, especially for the morphologic
evaluation of spores for example. Progress has been hampered by the ununified spore
concentrations in each well, difficulties with spore immobilization and observation of
their germination. More importantly though, being predominantly well-based, HTS
approaches have been difficult to combine with other methods aimed at understanding
possible alternative and under-examined angles of attack for antifungal agents, such as
the protrusive force generation during hyphal invasion.
2.4 Protrusive force measurement and Lab-on-a-Chip
techniques
2.4.1 Conventional measurements of the protrusive force
One of the simplest methods to measure protrusive force is to grow fungi and
oomycetes on substrates with a range of known surface hardness, such as agar medium
with yeasts [55] and non-biodegradable Mylar membranes [79]. Observation of agar
penetration has for example demonstrated that an increase in agar medium from 2 to
8 % w/v slowed down the rate of fungal substrate invasion by the human pathogen
Wangiella dermatitidis [55]. However, the application of this method is limited by the
relatively low medium gel strength, since even the hardest agar at 8 % only exhibits a
mechanical strength of around 0.1 µN/µm2.
To circumvent the reliance on the substrate properties, optical tweezer techniques
have been used to measure the growth forces of hyphae [80]. In this technique, force
measurement is facilitated by the placement of optically trapped beads in front of
the hyphal tips. Since the trapping forces are known, hyphal forces can be deduced
from the translocation of the beads. Trapping force increases linearly with increasing
incident laser power, and can be estimated by dragging a bead at an increasing velocity
until it escapes from the trap. Even at the highest output laser power (70 mW), a
leading hypha of N. crassa easily pushed a 4 µm bead out of a trap. This led to the
conclusion that the growth forces of the hypha analyzed were in the pico-Newton
range. When similar experiments were carried out on a germ tube, the same-sized
bead was moved forward, but not expelled out of the trap [81]. In fact, the tip of the
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germ tube was observed to swell and stop growing, with growth restarting again after
removal of the bead. Based on this observation, it was concluded that the growth force
generated by a germ tube is much smaller than that of a leading hypha. However,
similar to the agar penetration method, the technique can be critiqued for growth force
measurements on most fungi and oomycetes, mainly due to its weak trapping forces
(ranging from 1 to 19 pN), but also as the intense laser light required might affect
hyphal growth and thus skew experimental results [81, 82].
Given these limitations, the majority of currently available measurements of protrusive
forces exerted by single hyphae of fungi and oomycetes have been made by using
miniature silicon bridge strain gauges [61, 83, 84]. In these experiments, strain gauges
were manually positioned with a motorized micromanipulator in a liquid-filled well
close to leading hyphae. Forces were measured in proportion to the deformation of
the silicon beam with an electrical-resistive element, when hyphae grew from solid
medium into broth and against the strain gauge. The measurements from a variety
of hyphae of basidiomycete, ascomycete, zygomycete and chytridiomycete species
showed that species with larger diameter hyphae were able to exert greater forces
than those with smaller diameters [84]. However, no significant difference between
species was observed with respect to applied pressure, the force generated per unit
area, which ranged from 0.04 MPa (Sordaria) to 0.09 MPa (Neurospora). Oomycete
hyphae generated similar pressures from 0.01 to 0.17 MPa, which corresponded to
a maximum of 54 % of their turgor pressure. Measurement of forces exerted by
oomycete A. bisexualis revealed that the fluctuations in force had similar periodicity
as that of extension rates of hyphae growing in agar medium [83]. The strain gauge
technique risks underestimating forces exerted by invasive hyphae because these have
to emerge from solid media into liquid before they can displace the transducer. In
addition, it was observed that their tips change shape when they push silicon beams,
which typically have a flat surface [70]. Finally, and most importantly, experiments
with strain gauges can be technically challenging as the silicon beam of the gauges are
typically 0.1 mm in thickness and 10 mm in width, while the diameter of hyphal tips
is in the tens of micrometers range at the most.
As a result of these limitations and due to advances in microfabrication and device
integration, newer devices and platforms for handling of fungi and oomycetes have
predominantly been based on microfluidics and LOC technology. The next sections
will summarize recent developments in both, general, as well as specific force sensing
platforms for microorganisms exhibiting tip growth.
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2.4.2 Lab-on-a-Chip device for tip-growing organisms
Microelectromechanical systems (MEMS) and LOC technologies have recently been
used to study the biomechanics of tip-growing cells and organisms, such as plant
pollen tubes, filamentous fungi and root hairs [85–89]. Microfluidic platforms provide
several advantages over traditional culture and observation techniques when applied
to microorganisms. These platforms enable stable, long-term culture, co-culture and
compartmentalization in well-defined microenvironments, facilitate high-resolution
observation and analysis, increase throughput and allow for precise manipulation at
cellular and sub-cellular levels [90, 91].
A “Plant-on-a-chip” platform was reported by Meier et al. [92], which successfully
grew live roots of Arabidopsis thaliana in microchannels with improved spatial and
temporal resolution. The control of the local chemical environment around live roots
was achieved using multi-laminar flow, and the effects of chemical stimulation on
auxin transport and root hair growth were observed. This work was further extended
by Parashar and Pandey to investigate root-pathogen interactions between Arabidop-
sis plants and sugarbeet nematode (SBN) or the oomycete Phytophthora sojae [93].
Physically, the platform consisted a set of parallel microchannels with individual
inlet/outlet ports for plant seedlings and inoculation of pathogens. Motile zoospores
swam randomly in the microchannels and then started to settle close to the root tip
in the first 2 h after inoculation. After settling, zoospores germinated and extended
hyphae towards the roots, with some areas of the root tips dying a few days later.
Platforms with three-dimensional microfluidic maze-like structures, mimicking as-
pects of the natural environment, have been developed to evaluate the growth behavior
and analyze hyphal space-searching mechanisms of fungi [94–96]. Observations of
basidiomycete hyphae before and after entering the microstructured areas showed that
growth rates were not changed by confinement or obstacles, continuing to average
2.0 µm/min. In contrast, hyphal branching rates were almost twice as high within
microstructures (1.5 branches per 100 µm) as compared to in unconfined areas [94].
Similarly, hyphae of the fungus N. crassa responded rapidly to geometrically confined
microstructures, the dimensions of which were similar to the hyphal diameter [96].
Hyphae responded without any detectable temporal delay or spatial adjustment, while
their growth behaviour depended on the complexity of structures they encountered.
This indicated that the space-searching strategies did not exclusively rely on physical
contact.
Several microfluidic platforms have been proposed for screening and monitoring of
morphogenesis during spore germination and germ tube growth [97–100]. Grunberger
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et al. utilized a microfluidic cultivation device with time-lapse live cell imaging to
analyze spore swelling rates and hyphal/mycelium growth rates of the fungus Peni-
cillium chrysogenum [99]. The average swelling rate in spore volume and growth
rate of the mycelium were estimated as µ = 0.077 ± 0.036 and 0.046 ± 0.031 h−1,
respectively, both showing significant heterogeneity within a population. Demming et
al. fabricated a parallel microbioreactor for evaluation of fungal spore germination
of Aspergillus ochraceus under different pH and temperatures [97]. The germination
rate of A. ochraceus conidia was revealed to be 3.5 times higher (25 %) in pH 5.5
medium after 9 hours at 24 °C, compared to 8 and 6 % in pH 3.5 and 7.5 medium,
respectively. Meanwhile, spore germination was observed to increase by 60 % in the
temperature range of 26 - 30 °C. Although the use of LOC techniques in these exam-
ples facilitated parallelizing the investigation of fungal morphogenesis at single-cell
resolution and under defined environmental conditions, most of the studies introduced
spore suspensions into a microchamber for cultivation. This made it difficult to control
the distribution of spores inside the chamber and immobilize organisms during media
exchanges or the addition of other liquid reagents.
To address these problems, droplet microfluidics have also been used in conjunction
with spore handling. Droplet microfluidics constituted a practical method for the
encapsulation of single cells, allowing for chemical isolation and thus quantitative
control of reagent concentrations [101]. Discrete droplets are generated by two co-
flowing immiscible fluids, one of which becomes the dispersed phase (water/media)
and is surrounded by the second fluid (oil) [102]. The volume of formed droplets
can be adjusted from dozens of picoliters to hundreds of nanoliters by changing the
channel sizes and flow rates, actively tailoring the control volumes for single cells of
varying sizes and culture durations [103–105]. A study for phenotypic screening of
an anti-oomycete candidate chemical was reported by Yang et al., in which motile
zoospores of the oomycete plant pathogen Phytophthora sojae and metalaxyl were
encapsulated into microdroplets using a simple T-junction droplet generator platform
[106]. Zoospore germination and germling growth at different chemical concentrations
inside droplets was tracked. At metalaxyl concentration 1.0 mg/mL, the germling
length was reduced by 18 %. Furthermore, zoospore germination could be fully inhib-
ited when the metalaxyl concentration was increased above 2.0 mg/mL. Beneyton et
al. developed a high-throughput screening platform for large filamentous fungi, which
combined droplet microfluidics with fluorescence-activated dielectrophoretic (DEP)
sorting [105]. The spores of the fungus Aspergillus niger were encapsulated individ-
ually in 10 nL droplets with an α-amylase fluorogenic enzyme substrate. Droplets
with fungi were sorted according to fluorescence intensity after 24 h at 30°C, allowing
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for spore germination, enzyme secretion and substrate digestion within the droplets.
The platform was able to screen approximately 5 × 104 droplets in 90 min and sort
around 750 droplets of these (1.45 %), corresponding to a 196-fold enrichment for
those containing fungi. However, droplet volumes produced with droplet microflu-
idics techniques were too small for long-term culture of fungi and oomycetes. This
meant that observations were restricted to the phases of spore germination or germling
growth.
In order to implement compartmentalization and immobilization of fungi and oomycete
spores for screening in long-term culture, hydrodynamic flow-assisted manipulation
has been used to trap spores in a designated place [107–109]. A microfluidic channel
array was employed that enabled observations of tip growth of N.crassa conidia which
had a diameter of 3 to 8 µm [109]. An efficiency of 70 % for single cell trapping
was achieved using hydrodynamic flow-assisted manipulation. Moreover, a specific
structure of confined shallow channels in the trapping site was designed allowing
only a single hypha to grow into a channel even if several conidia accumulated at one
site. Hyphal growth and morphology in various glucose concentrations and channel
geometry conditions, nuclear organization and migration, long-term gene expression
dynamics were monitored and analyzed. The hyphal growth rate of N.crassa did not
show significant change in the channels with various widths ranging from 5 to 20 µm,
while the hyphae generated numerous branches in wider channels (12.5 to 20 µm).
The nuclei were observed to continuously move towards the tip along with the hyphal
elongation and keep a nuclear exclusion zone from the hyphal apex.
In the meantime, efforts, especially on the flow control methods, have been done to
improve the ease of usage of microfluidic devices for point-of-care (POC) analyses
and better incorporation into traditional biology [110, 111]. Millet et al. described a
unique protocol of assembly, sterilization and self-priming of devices for ready-to-use
microfluidics to end-user [111]. Three microfluidic platforms were shown enabling
pre-priming, filling, and shipping of hydrated devices, with or without cultures. The
fungus Laccaria bicolor was inoculated prior to sealing and kept growing during
shipment. Transgenic bacteria, Pseudomonas fluorescens, were then introduced and
observed with high-resolution imaging for bacterial-fungal interactions by collabo-
rators. Additionally, Arabidopsis thaliana seeds were vacuum packaged on chip for
14 days storage to test packaging influences on the seed germination process. One
hundred percent of the seeds germinated within 3 days after opening the package and
filling with culture medium, and their growth rates showed no difference from the
no-vacuum control.
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2.4.3 Microfluidic platforms for invasive growth force studies
Despite the number of existing platforms designed to probe the morphogenesis of
hyphal growth, reports on the characterization and quantification of forces exerted by
tip-growing cells during invasion events remain scarce, in particular for use with fungi
and oomycetes.
Examples of the latter include a polydimethylsiloxane (PDMS) array containing 10,000
cylindrical microchambers, which were employed as force sensors to measure the
extension mechanics of single cells of the rod-shaped fission yeast Schizosaccaromyces
pombe [112]. The elasticity (Young’s modulus) of the PDMS microchambers ranged
from 0.1 to 1.5 MPa. Single fission yeast cells were introduced into chambers, which
were longer than the seeded cells, and left to extend until they pushed against the wall
of chambers, as shown in Figure 2.4. By analyzing the growth of the cells and the
deformation of the chambers, internal effective turgor pressure of 0.85 ± 0.15 MPa and
the force-velocity relationships could be obtained. The microchambers were deformed
from a round shape into an oval shape with the increase of exerted force, resulting
in a gradual decrease in growth rates of yeast cells. Additionally, the growth force
was shown to be dependent on turgor pressure using ∆gpd1 mutant cells, which were
Figure 2.4: Microfabricated chambers as single-cell force sensors for studying the
mechanical properties of fission yeast cells. (A) Schematic showing the placement
of yeast cells into the PDMS chambers. (B) Schematic illustrating the basis of the
experiments. As the cell deforms the chamber, the observable force increases (F2 > F1).
(C) Time-lapse sequence of a fission yeast cell growing in and deforming a chamber
made of soft PDMS (elastic modulus, Ech = 0.16 MPa). Scale bar represents 10 µm.
Reproduced with permission from Minc et al. [112].
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defective in turgor-pressure regulation. ∆gpd1 mutants incubated in media of higher
concentrations of sorbitol (0.05 M) were observed to grow significantly slower and
produce less force. However, in this work the growth force measurement was based
on the hypothesis that both tip-shaped sides of the cells pushed against the wall of
microchambers with the same force, which may not be easily transferable to other
filamentous fungi and oomycetes. Furthermore, cells had to be manually inserted into
the well and were able to deform along their length due to the round shape of the wells.
The majority of other LOCs developed for tip-growing cells to date have been used
in the study of pollen tubes. While some of these could in principle be used with
fungi and oomycetes due to the similar cell shapes, major changes are likely to be
required to measure protrusive forces. For example, based on the deformation of
elastic PDMS, a microfluidic device was developed to measure penetrative forces
exerted by pollen tubes of Camellia japonica [113]. Pollen grains were transported
through a distribution chamber and trapped at the entrances of microchannels (see
Fig. 2.5). Pollen tubes were then guided to grow through the microchannels, which
contained a sequential array of four narrowing gaps, ranging from 17 to 10 µm. The
cells applied a penetrative force deforming the sidewalls of moderately-sized gaps
(pollen tube diameter/gap size ratio ≤ 1.20) and constricted themselves when passing
Figure 2.5: Experiments on the exposure of pollen tubes to microgaps and geometry of
interaction. (A) Micrograph of the geometry of a microchannel comprising the channel
entrance with a trapped pollen grain and subsequent gaps. (B) Simplified schematic
views of the interaction between an elongating pollen tube (dark gray) and a microgap.
(C) The passing pollen tube deforms the PDMS sidewalls of the gap to change the gap
width at the narrowest section. Reproduced with permission from Nezhad et al. [113].
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through narrower gaps (ratio between 1.20 and 1.33). The pressure when the tube
reached the narrowest region of the gap was estimated to be 0.15 MPa using finite
element methods. From this, the dilating force was estimated to be 14.7 µN at the
moment of maximum contact. The results revealed that the pollen tubes regulated
cell wall compliance to meet increasing mechanical impedance, resulting in a change
in exerted force. However, the tapered shape of the microgaps and the interaction
between the pollen tube and the sidewalls, resulting in a combination of deformation of
the sidewalls and an apparent reduction in pollen tube diameter, meant finite element
simulations rather than an analytical model had to be used to derive the applied force.
Furthermore, the fact that forces were measured via the deflection of the sidewall of
microscopic gap means that, when used with fungi or oomycete, squeezing forces,
rather than penetrative forces, would be measured due to different contact points with
the obstacles.
More recently, Burri et al. combined a LOC device with a MEMS-based capacitive
force sensor to quantify the force exerted by pollen tubes [114]. The force-sensing
plate of the sensor was scaled-down to 50 × 50 µm, providing a high force resolution
Figure 2.6: System configuration to simulate the natural environment of pollen tubes
in vitro with integrated force readout. (a) The experimental system combines a LOC
device with a capacitive force sensor. (b) An optical image of a LOC loaded with
pollen grains in the inner reservoir. (c) Capacitive force sensor measuring lateral forces
at the force-sensing plate. (d) Schematic side-view of the experimental setup where
the force-sensing plate is placed in front of the tubes emerging from the microchannels.
Reproduced with permission from Burri et al. [114]
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of 0.18 µN. Pollen grains were injected into the inner reservoir and the resulting pollen
tubes were guided to grow along parallel microchannels, as shown in Fig. 2.6, to
ensure a perpendicular contact with the force-sensing plate placed at the channel exit.
After the initial contact of the pollen tubes with the sensor plate, a sharp force increase
was observed and measured up to a mean value of 9.6 ± 1.6 µN for Lilium longiflorum
and 3.0 ± 0.6 µN for Arabidopsis thaliana. After that point, the pollen tubes were
observed to stop growing for a few seconds, they then adjusted their apical growth
direction to avoid obstacles and then resumed growth. By placing the force-sensing
plate close to the exit of the microchannels, gaps with various widths and lengths could
be formed. It was observed that, the narrower and longer the gap the pollen tube had to
penetrate through, the larger the measured force, with a maximum of 85 µN. However,
because the capacitive force sensor, with sensor arm and force plate on the front-end,
was mounted on a piezoelectric xyz-positioner, only one measurement could be made
at a time which limited the throughput of the system, even though multiple pollen tubes
grew simultaneously in the parallel microchannels. This, combined with the fact that
pollen tubes had to exit the LOC and bridge a gap, mean invasive conditions for fungi
and oomycetes would be difficult to generate. Nonetheless, the work demonstrates
that with continuing sensor miniaturization and improvements in MEMS techniques,
experiments similar to the original silicon strain gauge work may yet have a place in
the study of force generation.
In summary however, these examples demonstrate that, despite the inherent suitability
of LOCs for the maintenance of fungi and oomycete cells, there exists a distinct
technological gap. To overcome some of the limitations of current LOC platforms
for force measurements and adapt them especially for fungi and oomycete, our group
recently introduced the use of elastomeric micropillars as protrusive force sensors.




Optimization of the Mycelial Force
Sensing Platform
In this chapter, the optimization and enhancement of the existing, proof-of-concept
mycelial Lab-on-a-Chip platform are presented. The improved platform contains
single elastomeric micropillars in channel constrictions, achieving measurement of
protrusive forces exerted by individual fungal hyphae. The chip design, fabrication
process, and photoresist optimization required to adapt the microfluidic platforms to
different species of oomycete and fungi are reported. Further miniaturization of sens-
ing pillars and measurement channels is demonstrated to accommodate smaller hyphal
sizes, as are efforts to improve pillar tracking. To show the applicability of the devices,
the oomycete Achlya bisexualis and the fungus Neurospora crassa are cultured on the
PDMS chips and the forces exerted by single hyphae from the organisms are measured.
3.1 Previous work
As described in the previous chapter, LOC platforms for force measurements have
predominately focused on tip-growing organisms. Very few have been developed to
specifically study fungal and oomycete pathogens and none had capabilities to measure
protrusive force. To address this, our group recently introduced a LOC force sensing
platform for fungi and oomycetes based on micropillar arrays that had originally been
used for locomotion studies in nematodes. These nematode LOC devices integrated a
matrix of elastomeric PDMS micropillars into microchambers and microchannels, as
shown in Fig. 3.1, to investigate continuous forces and locomotion patterns (speed,
amplitude and wavelength) of the nematode Caenorhabditis elegans, as influenced by
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Figure 3.1: Micropillar matrix device for C. elegans force measurements. (a & b)
Schematic and experimental result of a worm deflecting micropillars while moving in
a channel. (c) Schematic illustrating the side- and top-down view of a sensor pillar
deflected by an applied force (f) and associated parameters. Adapted with permission
from [115].
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various micropillar arrangements [115–117]. Circular pillars were chosen for this work
as their shape allows for relatively simple analysis of mechanical bending in response
to the application of an external force. To match the width of C. elegans nematodes
and expected force magnitudes, the diameter and height of micropillars were set to 40
and 100 µm, respectively [118]. Each micropillar functioned as an independent force
sensing unit dedicated to one individual C. elegans, and the deflections of micropillars
were recorded using bright field microscopy. Locomotive forces were then deduced
from the recorded deflection by use of an image processing algorithm implemented in
MATLAB. Considering the isotropic properties in the radial direction for the pillar,
the force was treated as a concentrated load at the contact point where worm and
pillar touch, typically at half the diameter of the nematode. Both bending and shear
contribute to the imposed force on a cantilevered beam, such as the pillar, at the contact
point when the aspect ratio (height-to-diameter ratio) is less than 5. Therefore, the











where ∆ is the deflection of micropillar at the free end, which could be obtained by
the image processing. d,h, l are the micropillar diameter, height, and the height from
contact point A to the fixed end, respectively. I is the moment of inertia, which can
be given by πd
4
64 , when pillar diameters are uniform along the height. E and γ are
the calibrated Young’s modulus and Poisson’s ratio for PDMS. The first and second
term in the denominator correspond to pure bending and shear, while the third one
is the linear displacement δ ′ of the free end B (see Fig. 3.1(c)). Using Equation 3.1,
1571 data points from 13 C. elegans samples were measured, resulting in a maximum
force level of 61.9 µN [115]. Further work found that the frequency and speed of
locomotion of C. elegans increased with the spacing of pillars, but also that nematodes
maintained their natural sinusoidal movement in all of the devices [116].
Given the geometric similarities between nematodes and hyphae, this facile force
sensing technology using cantilever-like micropillars was then adapted by our group
to study protrusive force generation by fungi and oomycetes [22]. Initial work focused
predominantly on demonstrating that hyphae of the oomycete A. bisexualis would be
able to interact with and deflect circular PDMS micropillars. Because of the typical
hyphal size of A. bisexualis, the micropillars had to be reduced in size to 15 µm in
diameter and 30 µm in height. As shown in Fig. 3.2, the initial proof-of-concept device
comprised a large array of these micropillars inside a microchamber. A mycelial plug
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Figure 3.2: LOC platform with force-sensing micropillar array for oomycete hyphae.
(a) Schematic of the device showing hyphae growing from a mycelium seeding area
into a pillar array and pushing against PDMS pillars in the process. (b) Photograph of
fabricated PDMS chip. Red-colored liquid was used to visualize the chip. (c) Light
micrograph of an A. bisexualis hypha passing through the PDMS pillar array. (d) Plot
of force magnitudes and directions along the length of the hyphae as function of pillar
pair number. Green arrows correspond to top, red to bottom pillar row. Adapted with
permission from [22].
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from a A. bisexualis culture was then successfully transferred onto the PDMS chip
filled with peptone-yeast-glucose (PYG) broth media and hyphae grew into the mi-
cropillar arrays. A maximum total force of 16 µN was recorded from pillar deflections,
suggesting that the platform was capable of measuring the forces exerted by fungi and
oomycetes. However, it took approximately 12 hours for hyphae to grow from the
seeding area into the micropillar arrays, making the whole experiment time-consuming
and intractable. It was also difficult to measure protrusive forces as hyphae passed
through the space between the micropillars rather than hitting them head on. In fact,
not a single hypha was observed to impact pillars with the tip in this platform.
As a result, a modified microfluidic device which contained micropillar arrays (di-
ameter 10 µm, height 30 µm) at constrictions within 16 radial microchannels was
developed with the aim to mechanically guide hyphal tips against the sensing pillars
[23]. Using this setup, interactions between a hyphal tip and a PDMS micropillar
were observed for the first time. As shown in Fig. 3.3, the force exerted by a single
hyphal tip increased to a maximum of 7.5 µN during tip contact and reached 19 µN
for bending force after the tip deflected past the pillar. Nevertheless, challenges in
measuring the force generated by individual hyphae remained, mainly because hyphae
continued to evade the pillars and several hyphae could grow into the same channel
simultaneously. The latter limitations in particular necessitated the design of a new mi-
crofluidic platform, which specifically guided a single hypha of A. bisexualis towards a
designated sensing pillar for deflection and protrusive force measurement. In parallel,
a second version of the re-designed platform was used to demonstrate miniaturization
for use with smaller hyphae, such as the fungus N. crassa. Both these efforts, together
with related experimental improvements, are discussed in the remainder of this chapter.
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Figure 3.3: Modified platform with micropillar array in radial micro-channels. (a)
Schematic of a channel showing a hypha growing inside it and impacting a sensor
pillar. (b) Photograph of fabricated PDMS chip containing 16 radial microchannels
and one mycelium seeding port. Red-colored liquid was used to visualize the chip. (c)
Light micrograph of multiple A. bisexualis hyphae growing into one microchannel. (d)
Enlarged micrograph of the micropillar top being tracked during deflection. (e) Plot of
force exerted on the pillar by a hypha. Adapted with permission from [23].
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3.2 Mycelial platform for oomycete Achlya bisexualis
3.2.1 Materials and methods
3.2.1.1 Microfluidic platform design
The microfluidic platform was composed of ten parallel measurement channels, each
with an integrated, freely bending single elastomeric micropillar as a force sensor.
Measurement channels connected a seeding area for inoculation with a mycelial plug
and two media inlets for media supply and independent chemical stimulation, as
shown in Fig. 3.4. A mycelial plug was transferred and cultured in the seeding area,
fungal hyphae then grow into the measurement channels and deflect the force-sensing
micropillars. Compared to the previous radial microchannels, the parallel aligned
measurement channels in the new design enabled better simultaneous microscopical
observation and analysis of the growth of multiple hyphae, each in a separate channel.
As the hyphal diameter of A. bisexualis typically ranges from 18 to 30 µm, the width
and height of channel were set to 35 and 30 µm, respectively. This was done to
allow only a single hypha to grow into each channel. As shown in Fig. 3.5, a vertical
spacer 5 µm in height was retained in order to prevent the pillar top from touching
the channel lid, allowing it to freely bend. Given that the mask writer (µPG101,
Heidelberg Instruments) and the mask aligner (MA6, SUSS MicroTec AG) used for
this work were, in combination, resolution limited to approximately 3 µm, two pillars
sizes of 5 and 7 µm in diameter were trialed. While smaller pillars would be more
sensitive, and thus able to resolve even smaller forces, these diameters were considered
sufficient for A. bisexualis and a good trade-off in light of the fabrication technologies
available. To prevent hyphae from avoiding the pillars, as observed in the previous
work, these were placed as close to the channel walls as possible. Thus, the horizontal
gap between channel wall and pillar was set to 3, 5, 7 or 10 µm for each size of pillar
to determine the minimum gap achievable during fabrication.
3.2.1.2 Fabrication of microfluidic chip
The microfluidic PDMS chip was fabricated by replica-molding off a two-layer resist
master, where the second layer provided the vertical spacer between the top of the
micropillar and the channel lid. Previous proof-of-concept LOC platforms shown in
Fig. 3.3 had to be fabricated by replica-molding off a two-layer liquid SU-8 negative
photoresist master and consecutive PDMS double-casting to achieve the resolution
required for pillar definition. Photolithography was first utilized to produce pillars
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Figure 3.4: Concept design of the new lab-on-a-chip platform for the oomycete A.
bisexualis developed as part of this thesis. (a) An entire chip showing the geometry
of the device including ten parallel channels, one seeding area and two media inlets.
(b) Detail view of the measurement channel with a hypha growing into it towards the
pillar constriction. (c) Illustration of the force sensing process by deflection of a pillar
pushed by an individual hypha.
Figure 3.5: Detailed channel design showing (a) the top view of the pillar and horizon-
tal gap to the channel wall and, (b) a cross-section through A-A’ with the vertical gap
defined by the spacer in the resist mold.
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in spin-coated dual layer SU-8 on a silicon wafer as high-resolution optical transfer
into negative resist favored the use of mostly opaque masks to form the master mold.
However, due to reliability issues with the cast separation steps of the PDMS double-
casting process, this meant that the micro-pillar diameter, aspect ratios, the horizontal
gap and PDMS chip yield were limited.
To avoid PDMS double-casting processes and improve resolution, direct production of
pillar cavities in dry-film SU-8 dual layers was also trialed, but the fabrication of SU-8
molds with negative microstructures (deep cavities) proved difficult due to the lack
of exchange of fresh SU-8 developer in micro-cavities such as the ones defining the
micro-pillars [119]. In the work presented here, the cavity problem was significantly
compounded by the device design and the mask polarity required for a negative resist,
such as dry-film or liquid SU-8. For this type of resist, the portion exposed to UV light
becomes cross-linked and insoluble to the photoresist developer. Thus, as shown in
Fig. 3.6(a), it remains on the substrate, while unexposed areas are dissolved by the
developer [120]. If the photomask used for fabrication of pillar cavities contains large
Figure 3.6: Schematic diagram illustrating the difference between negative and positive
photoresists showing produced patterns using two types of photoresist (a) and in cases
of small pillar cavity fabrication (b & c).
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open/transparent areas (channels) and small opaque/dark dots (pillar cavities) in the
middle, as illustrated by Fig. 3.6(b), diffraction and refraction effects of UV light lead
to smaller and shallower holes, or even no holes being developed [121, 122]. This
becomes a lithographically simpler problem if resist polarity can be swapped via the
use of positive-tone resists. The chemical structure of positive photoresists changes
when exposed to the UV light and becomes more soluble and thus easier to remove by
the developer. Because of the inverse pattern required on the mask, wider and slightly
tapered cavities can be obtained even though similar optical phenomena apply (see
Fig. 3.6(c)). Taking into account the phenomenon that positive photoresists start to
soften and round (reflow) at a higher temperature (approximately 100 - 130 °C), a
combination of novel negative and positive photoresists was employed to fabricate an
integrated mold retaining the 5 µm high spacer layer and high-aspect pillar cavity (5 -
10 µm in diameter, 25 µm in height) inside a channel constriction and thus overcome
the pattern transfer problem.
Figure 3.7 illustrates the fabrication process for the microfluidic chip. In detail, mask
files used to produce the two masks were designed by an integrated circuit (IC) physical
design software (Tanner L-Edit, Mentor Graphics Corporation). The first layer mask
contained the channel outlines, seeding area and inlets, while the second layer mask
contained the same features with the addition of measurement pillars (Fig. 3.8(a &
b)). Two 4 inch chrome-on-glass photomasks (Nanofilm, USA) were prepared using a
tabletop micro pattern generator (µPG101, Heidelberg Instruments). The photomasks
were then chrome wet-etched in the in-house-made etchant, containing 16.5 g ceric
ammonium sulphate and 4.3 mL perchloric acid in 100 mL DI water, and rinsed with
DI water, followed by development in resist developer (AZ 326MIF, M.M.R.C Pty Ltd.)
for 45 s and rinsing with DI water. The photomasks were completed by removing the
remaining photoresist covering the chrome pattern with acetone. A 4 inch prime grade
single-side polish silicon wafer, 525 µm thickness, was dehydrated in a 185 °C oven for
over 2 hours and cleaned by oxygen plasma (K1050X, Emitech) for 10 min at 100 W.
Then a dry-film negative photoresist, ADEX05 (thickness 5 µm, DJ Microlaminates
[123]), was laminated onto the pre-cleaned Si wafer at 65 °C and speed 1 setting
using a hot-roll laminator (SKY335R6, Sky-Dsb Co. Ltd). After removing the carrier
polyethylene terephthalate (PET), the ADEX05 was exposed using the first layer mask
using the UV lithography system (MA-6, SUSS MicroTec AG) at an exposure dose of
170 mJ/cm² in vacuum contact mode with a short wavelength exclusion filter (PL-360).
The ADEX05 was developed in propylene glycol monomethyl ether acetate (PGMEA)
for 5 min, rinsed with isopropyl alcohol (IPA) and dried with Nitrogen (N2), followed
by a ramped post-exposure bake (100 °C/hours) of 5 min at 65 °C and 10 min at 95 °C
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Figure 3.7: Optimized fabrication process of the microfluidic platform based on
negative- and positive-tone resist technology. Steps 1-4: Fabrication of the first
layer of dry-film negative photoresist using ADEX05. Steps 5-9: Fabrication of the
second layer of positive photoresist using AZ 40XT. Steps 10, 11: PDMS molding of
microfluidic platform.
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Figure 3.8: Fabricated photomasks and resist master mold. (a) Photograph of the first
layer mask for a negative photoresist including entire photomask, detail of measure-
ment channels and alignment mark. (b) Photograph of the second layer mask for a
positive photoresist illustrating the inverted mask polarity. (c) Photograph of the resist
master mold. Each mold contained 12 individual chips.
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on a contact hotplate (HP30, Torrey Pines Scientific, Inc.). To avoid the formation of
air bubbles during the second layer photoresist spin-coating, as shown in Appendix
A.1, a 2-step process was utilized on a programmable spin-coater (WS-650, Laurell).
The second layer of positive photoresist (AZ 40XT, M.M.R.C Pty Ltd. [124]) was
spin-coated onto the first spacer layer as follows: Step 1: 20 s at 500 rpm, Step 2: 30 s
at 2000 rpm, achieving a total thickness of 30.8 ± 0.62 µm. After edge-bead removal
and a soft-bake for 3 min at 126 °C on a hotplate, the AZ 40XT was exposed using the
second layer mask also using the MA-6. This was followed by a post-exposure bake at
105 °C for 80 s, and development of the master mold in resist developer AZ 326MIF
for 3 min, rinsing with DI water and drying with N2 (see Fig. 3.8(c)).
Notably, a special set of alignment marks used to align the second layer onto the first
layer had to be designed to improve the alignment accuracy of the two photoresist
layers. Appendix A.2 shows the previously used alignment mark, which contained a
large square on the first layer and four small squares on the second layer overlapping
at each corner of the large square. Due to the insufficient aligning position, it proved
difficult to align two layers with the required precision with these marks, especially
in the area of the pillar cavity. The new set of alignment marks was composed of a
cross-pattern and simplified three-directional Moire-fringe patterns [125, 126]. The
fringes on both layers were 12 µm wide, and the distance between fringes on the first
layer was 12 µm, while that on the second layer was increased 2 µm from the middle
to the edge to enable an alignment accuracy of < 2 µm (see Fig. 3.9).
According to the reaction principle of positive photoresists, the more exposure power
of UV light that is applied to a AZ 40XT resist, the larger and deeper a cavity is able
to be generated. Simultaneously, the channel width becomes narrower. Thus, the
exposure latitude of the positive photoresists was characterized in combination with
the subjacent negative resist by measuring the widths of channels and diameters of
pillar cavities for various exposure doses. An exposure dose trial ranging from 200 to
350 mJ/cm², was conducted on the channel patterns with 5 and 7 µm diameter pillar
cavities and 3, 5, 7 and 10 µm wall gaps, with the negative photoresist ADEX05 acting
as the first channel layer. Detailed results of the fabricated resist molds, shown in Fig.
3.10, demonstrated that the gaps between channel walls and cavities became narrower
when the exposure power increased, while the narrowest pillar-wall gap of 3 µm
could not be resolved at exposure doses higher than 250 mJ/cm². Moreover, Figure
3.11 shows the plot of the dose trial results for the photoresist AZ 40XT. For both
cavity 5 µm and 7 µm patterns, the diameter of cavities increased with the increase
of exposure dose from 4.7 ± 0.01 to 7.3 ± 0.14 µm, and from 7.4 ± 0.08 to 9.4 ±
0.08 µm, respectively, while the width of the channel decreased from 34.2 ± 0.10 to
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Figure 3.9: Light micrographs of the improved set of alignment marks. (a & b) Patterns
on the first and second layer masks. (c & d) Fabricated alignment marks in resist on
left and right side of the photoresist master showing the Moire patterns. (e & f) Images
of the measurement channels on the same master with the two layers of photoresist
well aligned.
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Figure 3.10: Fabrication results of the A. bisexualis chip with a 7 µm pillar, and 3,
5, 7 and 10 µm gaps. (a) Light micrographs of the mask patterns used. (b-e) Light
micrographs of the resulting resist patterns for optical exposure powers from 200 to
350 mJ/cm² applied using the MA-6.
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Figure 3.11: Plot of dose trial results for AZ 40XT under optical exposure powers
ranging from 200 to 350 mJ/cm². The dots (blue) represent the width of the channel,
and triangle (orange) and diamond (gray) are the diameters of the 5 and 7 µm cavities,
respectively.
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30.9 ± 0.47 µm. In comparison, the channels and pillar cavities on the mask were
measured as 34.5 µm in width, 6.9 and 4.7 µm in diameter. The optimum exposure
power for fabrication of successive A. bisexualis chips was thus set to 250 mJ/cm².
PDMS chips were molded off the master using Sylgard 184 silicone elastomer (Dow
Corning, Electropar Ltd., NZ). The base and curing agent were mixed thoroughly in
a 10:1 w/w ratio and degassed in a desiccator for 30 min. Meanwhile, the master
mold was treated by vapor-coating with Trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(TFOCS, Sigma-Aldrich, Inc.) in a desiccator for 30 min to facilitate mold release.
Then, pre-mixed PDMS was poured onto the treated mold and degassed again until
all bubbles had disappeared (> 30 min). After a 2 hour bake at 80 °C on a hotplate,
the PDMS chips were peeled off carefully and placed on a hotplate for an additional
4 hour bake at 80 °C to ensure the PDMS was completely cured and mechanical
properties were stabilized [127]. Glass covers were prepared by drilling through-holes
into a standard 75 × 25 mm glass microscope slide (VWR) using a 3 mm diameter
diamond-coated hole drill (28.5030, Esslinger) and cleaned in a sequence of ethanol,
methanol and IPA for 5 min each. Both fabricated PDMS chips and cleaned glass
covers were treated with oxygen plasma (100 W, 30 s) using the same plasma-asher
as for wafer cleaning. Assembly of a microfluidic chip was achieved by manually
aligning and bonding PDMS chips with glass substrates and baking them for 2 hours
at 80 °C on a hotplate. Assembled microfluidic chips were degassed for 2 hours in
a vacuum chamber to improve filling with media [128], and sealed into food-grade
vacuum bags using a vacuum sealer (Sunbeam FoodSaver) for storage. Figure 3.12
shows a fabricated A. bisexualis microfluidic chip with a single mycelium seeding area
and two media inlets. These inlets could be supplied separately with nutrients and/or
inhibitors allowing one to measure six samples in parallel. Externally, chips could
either be connected with tubes through manually-cored side ports to actively provide
media exchange, as demonstrated by the infusion of colored water in Fig. 3.12(a),
or passively by coring a common inlet overlapping both. The side view of a cleaved
measurement channel shown in Fig. 3.12(c) verified that the produced pillar was 7 µm
in diameter and 24 µm in height with the spacer gap above it, thus achieving smaller
and higher aspect ratios than that of previous work with 10 µm diameters and 24 µm
heights [23].
3.2.1.3 Application of dye to the PDMS chips
The decrease of micro-pillar diameter made it more difficult to visually track the
movement of the micro-pillar top by automatic image processing. This was due to
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Figure 3.12: Fabricated PDMS chip for A. bisexualis. (a) Photograph of the entire
chip with tubing attached. Colored liquid was used to visualize the channels. (b)
Top-down optical micrograph of measurement channels on the chip. (c) Side-view
optical micrograph of a PDMS measurement pillar in a channel. The image was
obtained by mechanically cleaving a sample chip along a measurement channel.
the decreased contrast between the transparent hyphae and the equally transparent
PDMS micro-pillars. To improve on this, a dyeing method to selectively color the
force sensing pillars was investigated [129]. Silc Pig® silicone pigment (Smooth-On,
Inc.) was used for PDMS dyeing. PDMS (10:1 w/w) was mixed with 3 % red pigment,
the largest concentration recommended by the manufactures [130], relative to total
PDMS weight and poured onto the patterned Si wafer, as shown in Fig. 3.13(a). After
degassing in a vacuum desiccator for 30 min, excess colored PDMS was removed.
Clean PDMS (10:1 w/w) was then poured on top of the previous layer and baked
at 80 °C for 2 hours to form a continuous structure. After cooling down to room
temperature, the PDMS was peeled off and bonded onto a glass slide. Consequently,
PDMS devices with red colored pillars were obtained after another 2 hours bake at
80 °C.
Figure 3.13 shows the fabricated measurement channels with 7 µm pillars made of
pigment-dyed PDMS. As illustrated by Fig. 3.13(b), the measurement channels were
light pink, while the rest of the PDMS device was red. However, after being observed
with a 50× microscope objective lens, no significant contrast difference between the
pillar and channel could be seen when back illumination was used (see Fig. 3.13(c)).
Side-illumination, achieved by placing a secondary light source transversely to the
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Figure 3.13: Fabricated device with pigment-colored PDMS. (a) Fabrication process
used to mix PDMS with red pigment while retaining optical clarity for microscopy.
Light micrographs of the resulting PDMS pattern under back illumination using (b)
10× and (c) 50× microscope objectives. Note: very little contrast improvement
could be observed due to the small size of the pillars. (d) Light micrograph of the
resulting PDMS pattern under side illumination using a 50× objective. While contrast
is improved significantly, side-illumination is difficult to accomplish on a standard
microscope.
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chip, improved the contrast between the pillar and channel (see Fig. 3.13(d)). However,
this would be difficult to implement in a conventional microscopy setup.
3.2.2 Experimental setup and platform use with A. bisexualis
For use with microorganisms, the fabricated microfluidic platform was promptly
filled with sterilized PYG broth (containing [in% w/v] peptone [0.125], yeast extract
[0.125] and glucose [0.3]) [71] once it was taken out from the sealed vacuum package.
Prior to this, the oomycete A. bisexualis was cultured on PYG agar Petri dishes
(containing [% w/v] peptone [0.125], yeast extract [0.125], glucose [0.3], and agar
[2]) for 48 hours. An inoculation plug of A. bisexualis approximately 3 mm in
diameter was cut from the culture’s growing edge and transferred to the seeding
area of the platform. The processes of chip filling and oomycete inoculation plug
transport were implemented in a sterile laminar flow hood, while no sterilization of
platforms was required. Alternatively, the platforms could be pre-cleaned through
ethanol flushing, followed by media rinsing or UV exposure in flow hood if the need
arose. Hyphae were then observed regularly while they grew from the seeding area
into the measurement channels. As the hyphae grew close to the force sensing pillars,
hyphal growth and pillar deflection by the tip of each hypha were recorded using an
upright epi-fluorescence microscope (Nikon Eclipse 80i) and a digital camera (ORCA-
Flash4.0 V2, Hamamatsu) controlled using image-capture software (HCImage Live,
Hamamatsu). The force exerted by hyphae was calculated using a combination of
image processing for tracking in ImageJ (V1.51u, FIJI) and subsequent force analysis
in MATLAB (2016a, Mathworks) [131]. Image sequences were imported into ImageJ,
analyzed using the TrackMate plugin [132] and exported in 2D coordinates/time (x,
y, t) format representing the position of the pillar top circle as a function of time.
Given a half-hyphal diameter contact height, both force magnitude and direction were
calculated by a custom algorithm implementing Formula 3.1, combining pure bending
and shear of the imposed force to a cantilever beam [23].
For high-resolution confocal imaging of A. bisexualis on the chips, PDMS devices were
plasma-bonded, as described above, to fluorodishes (FD35-100, WPI Inc.) instead
of glass microscope slides to reduce the glass thickness. Instead of glass drilling,
inlet and outlet holes were punched through the PDMS using a 3 mm diameter hole
punch before bonding. PYG broth on the chip was replaced with PYG containing
tartrazine (trisodium 1-(4-sulfonatophenyl)-4-(4-sulfonatophenylazo)-5-pyrazolone-
3-carboxylate)), which is a synthetic lemon-yellow dye that is commonly used as a
food colouring (E102). The tartrazine was bought in form of yellow food colouring
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(Hansells Food Group, Auckland, NZ) from a local supermarket. Solutions on the
chips were changed using a perfusion method. This was done by first removing some
of the PYG broth from the seeding area on the chip using a pipette after the mycelium
had been left to settle and grow on the chip. Then the dye solution was added to
the media supply port. Hyphae and pillars were imaged with a confocal microscope
(Leica TCS SP5) using a 63x (NA 1.3) glycerol objective lens. Tartrazine was excited
using an argon laser at 488 nm with 30 % intensity with an emission bandwidth of
502-605 nm. The fluorescence was detected concurrently with transmitted light images
collected with bright field optics. Data was analyzed using the 5D Viewer plug-in of
ImageJ. Recorded fluorescence data was inverted in post-processing to visualize the
hyphae, pillar and channel.
An example of the measurement of protrusive force exerted by a single hypha of the
oomycete A. bisexualis is shown in Figure 3.14. Prior to force sensing, hyphae were
observed using lower magnification 5 or 10× objectives while they grew out from the
seeding area into the measurement channels. Once hyphae grew close to a sensor pillar
observation was switched to a higher magnification 20× objective and the microscope
was focused on the top of the respective sensor pillar for improved pillar tracking.
By narrowing the measurement channels on the new platform, hyphal growth was
successfully restricted so that only a single hypha could grow along each channel and
be guided to hit the sensor pillar. In the particular example shown in Fig. 3.14(b &
Figure 3.14: Force measurement on oomycete A. bisexualis (a) Light micrographs of
A. bisexualis hyphae growing out of the mycelium seeding area into the measurement
channels. (b) Light micrographs of a single hypha hitting the force sensing pillar and
(c) passing the pillar after initial protrusive force application and pillar deflection.
48 Optimization of the Mycelial Force Sensing Platform
c), the hypha was observed to contact the micropillar of 7 µm in diameter, directly
hit it and ultimately squeeze past it. By tracking the pillar top, both force magnitude
and direction could be recorded as a function of time. As shown in Fig. 3.15, the
protrusive force exerted by the example hypha, which corresponds to Fx-component
was measured to initially increase by 2.4 µN.
The contact area between the hyphal tips and force sensing micropillars could be
estimated from the hyphal diameter using the formula 2πr2 [84]. For the example
hypha, its diameter was measured as 4.4 µm. In doing so, the pressure exerted by
example hypha was calculated to be 0.08 µN µm−2, which was comparable with the
value of 0.11 ± 0.02 µN µm−2 obtained by Money et al. for A. bisexualis hyphae
using strain gauges [84]. Using confocal imaging, we were further able to record the
first ever three-dimensional time-lapse images of the hypha-pillar interactions on the
chips. As illustrated by the sequence of images and corresponding cross-sections in Fig.
3.16, force application by the hypha was mainly in the x-y chip plane. Measurement
noise made it difficult to determine whether minor changes in the cross-sectional plot
in Fig. 3.16(c) corresponded to deflection in the z-direction or swelling of the hyphal
tip during interaction with the pillar [133]. This led to the conclusion that the measured
force and pressure values corresponded in full to those applied by the hypha. This
platform has since been used in our group to further investigate the protrusive forces
generated by A. bisexualis hyphae and the role of the cytoskeleton in these processes
[134]. It proved that, compared to previous platforms with micropillar arrays in radial
microchannels, the new platform enabled simultaneous observation of hyphal growth
and force sensing in parallel channels, and successfully prevented multiple hyphae
from growing in the same measurement channels.
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Figure 3.15: Plot of the A. bisexualis forces recorded during the experiment shown
in Fig. 3.14. (a) Plot of the force components in the x- and y-direction as function of
time, with x-direction corresponding to the growth axis of the hypha. (b) Plot of the
same data as force vector over time. Note the ability of the measurement system to
capture magnitude and force direction simultaneously.
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Figure 3.16: Confocal microscopy time-series of a single A. bisexualis hypha deflecting
a sensor pillar on chip. (a) Hypha extended down a measurement channel filled with
fluorescein sodium towards a force sensing pillar. The 3D rendering of the event
is shown on the left (data inverted), top-view and cross-sections are shown on the
right. (b) The hypha touched the pillar and (c) then proceeded to squeeze through
the gap between the pillar and the channel wall, bending the pillar in the process.
Cross-sections in (b) and (c) indicate no obvious up and down movement of the hypha
during the interaction, thus validating the force measurement.
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3.3 Miniaturized mycelial platform for the fungus Neu-
rospora crassa
3.3.1 Materials and methods
3.3.1.1 Microfluidic platform design
The overall design of the mycelial platform chips for Neurospora crassa was similar
to that used for A. bisexualis and described in the previous sections. However, given
that the hyphal diameter of N. crassa at 8 - 15 µm is much smaller than that of A.
bisexualis, the channels of the chip had to be scaled-down to continue to individualize
hyphae for force measurement. This meant that all related dimensions had to be
adjusted as permitted by the available fabrication technologies. In particular, the width
and height of the channels were both set to 15 µm. The vertical spacer layer and
the horizontal gap between the pillar and channel wall were further reduced to 3 and
5 µm, respectively, so that the hyphae could not grow through the constriction without
touching the force sensing pillar. As discussed in the previous section, the values for
the latter coincided with the resolution limit of the fabrication processes available and
thus required significant process optimization to effectively measure forces.
3.3.1.2 Fabrication of the microfluidic chip
The overall fabrication process utilized the same principles as described in Section
3.2.1 to fabricate the microfluidic chips for N. crassa, in particular the replica-molding
off a negative and positive-tone photoresist combined two-layer master. A 4 inch
prime grade single-side polished silicon wafer of 525 µm thickness was dehydrated
at 185 °C in an oven for over 2 hours and cleaned using oxygen plasma for 10 min at
100 W. For the first spacer layer, the negative-tone dry-film photoresist ADEX05 was
replaced with liquid negative-tone AZ 15nXT (115 CPS, M.M.R.C Pty Ltd. [135]).
This was done as ADEX05 with a nominal thickness of 5 µm is currently the thinnest
negative-tone dry-film available, thus limiting the spacer layer thickness. AZ 15nXT
on the other hand is a recently introduced negative-tone resist with excellent resolution,
the thickness of which could be controlled via spin-coating. It was spin-coated onto
the pre-treated Si wafer using a spin-coater (WS-650, Laurell) at 5000 rpm for 30 s.
After 2 min of soft-baking at 110 °C on a hotplate, the AZ 15nXT was exposed using
the first layer mask, shown in Fig. 3.17(a), with the MA-6 in vacuum contact mode.
The resist was then baked for 1 min at 120 °C on a hotplate and developed in AZ
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Figure 3.17: Fabricated photomasks and resist master mold for the Neurospora crassa
platform. (a) Photographs of the first layer mask used for negative-tone photoresist.
(b) Photographs of the second layer mask used for positive-tone photoresist. (c)
Photographs of the resist master mold. Each mold contained 18 chips.
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326MIF developer for 50 s, rinsed with IPA and dried by N2. A 10 min hard-bake
at 200 °C on a hotplate was performed after development to increase the structural
stability of the resist for subsequent processes. The average thickness of AZ 15nXT
layer was measured as 2.6 ± 0.01 µm at three points on the master wafer using a
surface profiler (Dektak 150, Veeco). For the pillar layer, the novel positive-tone
photoresist AZ 12XT (20PL, M.M.R.C Pty Ltd. [136]) was utilized instead of AZ
40XT, as the former has a lower viscosity and thus obtainable minimum thickness.
Following application optimization, AZ 12XT was coated onto the first spacer layer
using a 2-step spin-coating process with the same spin-coater. After edge-bead removal
and soft-bake (3 min at 110 °C) on a hotplate, the resist was exposed using the inverted
polarity second layer mask in the MA-6 (see Fig. 3.17(b)) at exposure doses discussed
below. After post-exposure baking at 90 °C for 1 min, the master mold was completed
by immersion in resist developer AZ 326MIF for 2 min, rinsed with IPA and dried
by N2 to give the resist structures shown in Fig. 3.17(c). The subsequent PDMS
casting and bonding processes, and the microfluidic chip sealing were kept identical to
those for A. bisexualis chips described in previous section. An example of a fabricated
microfluidic chip for use with N. crassa and bonded to a fluorodish is shown in Fig.
3.18.
Since the photoresists AZ 15nXT and AZ 12XT were brand new at the time this
work was performed, very little information existed in the public domain on their use
and optimal processing parameters. In particular, no data existed on their application
in multi-layer arrangements. Due to this, and comparable to the exposure dose
Figure 3.18: Fabricated mycelial platform chip for use with the fungus N. crassa.
(a) Photograph of the entire chip bonded to a fluorodish. Colored liquid was used to
visualize the channels. (b) Light micrograph of the PDMS chip showing two of the
parallel measurement channels and force sensing pillars. Note: the hyphae grew from
the left side to the right side of the channels in the image.
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trial conducted for photoresist AZ 40XT, three different exposure doses (80, 90,
100 mJ/cm²) were trialed for AZ 15nXT resist spin-coated to a target thickness of
2.6 µm. Measuring channel width over multiple optical microscopy images, the
results of the relationship between exposure dose and channel width were acquired.
Figure 3.19 shows channel micrographs and the plot of the dose trial results for the
photoresist AZ 15nXT. The narrow side before the pillar constriction connecting
with seeding area was defined as Channel width 1 and the wide side after the pillar
constriction connecting with media inlet was defined as Channel width 2 (see Fig.
3.19(a)). As expected for a negative-tone resist, both channel width 1 and 2 increased
with increasing exposure dose from 53.9 ± 0.16 to 56.0 ± 0.14 µm and 14.0 ± 0.07
to 16.2 ± 0.26 µm, respectively, while in comparison the channel width 1 and 2 on
the photomask were 55.0 and 15.0 µm, respectively. Therefore, an exposure dose of
90 mJ/cm² was chosen for subsequent fabrication of devices.
Appendix A.3 shows the relationship between the spin-coating speed of AZ 12XT
with the pre-processed negative photoresist AZ 15nXT coated to a thickness of 2.6 µm
as the first layer and the resulting total thickness of the measurement channels. In this
arrangement the thickness of measurement channels decreased from 18.6 ± 0.26 to
10.2 ± 0.38 µm, while the speed of spin-coating increased from 1000 to 2000 rpm.
As a result, the spin-coating speed of photoresist AZ 12XT was set as 1500 rpm for all
further fabrication runs, achieving a total thickness of 13.7 ± 0.09 µm. An exposure
dose trial with the positive photoresist AZ 12XT, ranging from 180 to 350 mJ/cm², was
then carried out using channel patterns with both 5 and 7 µm diameter cavities. Figure
3.20(b & c) shows detailed images of the fabricated resist molds under increased
exposure power taken with the microscope objective lens focused on the top and
bottom of the resists. It was found that the AZ 12XT was not completely removed after
development when exposed to the lower power UV light. At lower exposure doses
of 180 and 220 mJ/cm² the widths of the channel outline also varied over the height
of the resist, decreasing from top to bottom and indicating non-vertical side walls.
Overall results of the dose trial for the photoresist AZ 12XT with 11 µm in thickness
are plotted in Fig. 3.20(d). For both cavity patterns the diameter of cavities increased
with increasing exposure dose from 5.4 ± 0.07 to 6.3 ± 0.07 µm for 5 µm cavities
and from 7.9 ± 0.10 to 8.8 ± 0.05 µm for 7 µm cavities. Simultaneously, the width
of the channel decreased from 13.3 ± 0.21 to 12.2 ± 0.07 µm. For comparison, the
measured results on the mask were 14.7 µm in width, and 6.9 and 4.3 µm in diameter
for the channel and cavities. The optimum exposure power for AZ 12XT for the N.
crassa chips was thus set to 260 mJ/cm².
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Figure 3.19: Dose trial results for the negative photoresist AZ 15nXT (115CPS)
used for the first layer of the N. crassa chip with a thickness of 2.6 µm. (a) Light
micrographs of the mask and resulting resist pattern in AZ 15nXT at exposure doses
of from left to right 80, 90, 100 mJ/cm². (b) Plot of the channel width before (Channel
width 1) and after (Channel width 2) the pillar constriction as a function of exposure
power. The dots (blue) represent channel width 1, and triangle (orange) is channel
width 2.
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Figure 3.20: Dose trial results of the positive photoresist AZ 12XT for the N. crassa
chips. (a) Light micrograph of the mask pattern. (b & c) Light micrographs of the
resulting resist patterns using exposure dose from 180 to 350 mJ/cm². The microscope
was focused on either the top or bottom of the resists. (d) Plot of dose trial results
for the positive photoresist AZ 12XT. The dots (green) represent channel width, and
diamond (gray) and triangle (orange) are cavities of 7 and 5 µm diameter, respectively.
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3.3.2 Experimental setup and platform use with N. crassa
For use the fabricated microfluidic platform was promptly filled with sterilized Vogel’s
broth (containing [in % w/v] sucrose [1.5] and 2 mL of Vogels 50X salt solution)
[134] once taken out from the sealed package. The fungus N. crassa was cultured on
Vogel’s agar media (containing [in % w/v] sucrose [1.5], agar [1.5] and 2 mL of Vogels
50X salt solution) for 24 hours at 26 °C. An inoculation plug of N. crassa (2.5 mm in
diameter) was cut from the culture’s growing edge and transferred to the mycelium
seeding area of the platform. Hyphae were then observed regularly using microscopy
during growth from the seeding area into the measurement channels. When the hyphae
grew close to the force sensing pillars, pillar deflection by the tip of each hypha was
recorded using the optical microscope and digital camera. As described previously, the
force was calculated using a combination of image processing for tracking in ImageJ
and force conversion in MATLAB.
Figure 3.21 shows an example of a force measurement on a single hypha of the fungus
N. crassa, which was observed to grow out from the seeding area into a measurement
channel and contact the force sensing micropillar. Force values recorded at each
time-point were plotted in x- and y-directions, and as total force (see Fig. 3.22). For
the example hypha shown, the Fx-component, which corresponds to the protrusive
component, increased and reached a maximum of 8 µN. From the force vector plot
Figure 3.21: An example of a protrusive force measurement experiment on the fungus
N. crassa. (a) Light micrograph of N. crassa hypha growing from the mycelium
seeding area towards the parallel measurement channels. (b) Light micrograph of a
single hypha impacting a force sensing pillar and (c) squeezing past after deflection.
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in Fig. 3.22(b), it can further be observed how the direction of the applied force
changed while the hypha interacted with the pillar, from initial tip contact to the hypha
squeezing past the pillar. More experiments using the miniaturized platforms have been
performed by other members of our group to evaluate the on-chip hyphal growth and
forces generated by N. crassa [24, 134]. The results from 21 independent experiments
showed N. crassa hyphae grew slower on the chips than on Petri dishes and 78 single
hyphae impacted the force sensing micropillars. Additionally, because of their similar
hyphal sizes to the fungus N. crassa, the pathogenic oomycete Phytophthora species,
such as Phytophthora nicotianae, Phytophthora cinnamomi and Phytophthora sojae,
have also been successfully studied on the miniaturized mycelial platform [137]. The
growth rate and two types of forces, squeezing and tip deflection force, of 64 example
hyphae were measured and quantified. In summary, through reducing all related
dimensions of the mycelial platforms for the oomycete A. bisexualis, including the
width and height of the measurement channels and force sensing micropillar diameter,
the miniaturized platforms were demonstrated to be able to guide single fungal hyphae
into the measurement channels and measure the forces exerted by these smaller sized
hyphae.
3.4 Conclusion
This chapter has described the re-development and optimization of a lab-on-a-chip
platform for use with mycelial samples of fungi and oomycetes. It combines single
elastomeric force sensing micropillars in channel constrictions with organism main-
tenance structures, which enabled the first repeatable measurements of protrusive
forces exerted by individual fungal hyphae. A combination of novel negative- and
positive-tone photoresists was introduced to build an integrated mold with high-aspect
ratio pillar cavities inside channel constrictions, and a vertical gap between the top of
the micropillars and the channel lid for free bending. The fabrication process changes
required to adapt the microfluidic devices from wider oomycete hyphae to thinner
fungal hyphae were described. These included optimization of exposure dose for the
novel positive photoresists, AZ 40XT and AZ 12XT, and negative photoresist AZ
15nXT processes, which are likely to be useful for other force-sensing and MEMS
applications. Resulting from this, single free-bending micropillars of 7 µm diameter
and 24 µm height were successfully fabricated in channel constrictions for the study
of wider oomycete hyphae, while 5 µm diameter and 11 µm high micropillars were
produced for the study of thinner fungal hyphae.
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Figure 3.22: Results of the force measurement experiment on the fungus N. crassa
shown in Fig. 3.21. (a) Plot of the force components in the x- and y-direction as a
function of time. (b) Plot of the total force vector as function of time.
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Finally, the applicability of the devices was demonstrated via the on-chip culture of the
oomycete A. bisexualis and the fungus N. crassa. Single hyphae of both A. bisexualis
and N. crassa were guided into the measurement channels for deflection of the force
sensing pillars. The forces exerted by individual hyphae of these organisms were
measured, and both force magnitude and direction were recorded as function of time.
Both platforms have since been utilized to characterize the protrusive forces exhibited
by single hyphae and the relationship between hyphal diameter and force magnitude in
our lab [24, 133]. Additionally, the miniaturized mycelial platform is currently being
used to study protrusive forces and cytoskeletal processes in oomycetes Phytophthora
infestans and Phytophthora palmivora expressing LifeAct-eGFP in collaboration with
Wageningen University, since their hyphal sizes are similar to fungus N. crassa. The
platform will help to extend the understanding of mechanisms that underlie invasive
growth and pathogenicity of these microorganisms.
Chapter 4
Monolithic Platform for Single
Zoospore Capture, Germination and
Single Germling Force Sensing
The following chapter describes the development of a microfluidic platform integrat-
ing zoospore capture with force sensing to enable high-throughput screening of the
effect of compounds on hyphal parameters, such as growth rate and protrusive force
generation of germling hyphae that germinate from the zoospores. The chapter begins
by introducing existing platforms capable of single zoospore compartmentalization
and their key components, hydrodynamic traps and microvalves. Following this, inte-
gration of zoospore traps and normally-open sieve microvalves with the force sensing
pillars is demonstrated. The chapter concludes by showing the use of the devices
for trapping and maintenance of individual zoospores of A. bisexualis, as well as the
measurement of forces generated by germ tubes growing from these zoospores.
4.1 Background
Recent years have seen increasing efforts to screen naturally bioactive compounds and
develop new biocontrol strategies as an alternative to agrochemicals [138]. Common
to all these activities is the need to screen a large number of potential candidates for
their impact on fungal and oomycete growth, as well as penetrative force generation at
various stages in their respective life cycles. One such crucial stage is the germination
of hyphae from either zoospores or conidia, leading to penetration into and infection
of parts of a plant or animal [21]. In order to investigate the effect of cell-to-cell
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variability and heterogeneity on hyphal germination/growth and protrusive forces of
organisms, in-channel high-aspect ratio sensing pillars for protrusive force measure-
ments on hyphal organisms [24, 133] had to be combined with zoospore trapping,
on-chip germination and maintenance. Therefore, the design of modified platform
needed to meet four criteria: (i) single zoospores or conidia needed to be able to be
trapped from cell suspensions and reversibly immobilized at the entrances of parallel
microchannels, (ii) traps needed to allow germinating germ tubes to grow into the
individual channels for parallelized screening, (iii) the device needed to continuously
provide nutrients to trapped cells for maintenance and analysis over long periods of
time, (iv) the platform needed to enable the interaction of the resulting germ tubes with
free-bending micropillars for protrusive force sensing. In the following section the
components required to achieve this, and existing, comparable platforms, are briefly
reviewed.
4.1.1 Hydrodynamic single cell trapping
Hydrodynamic trapping is the most commonly used technique to reversibly trap single
cells at designated positions from a population of cells in microfluidic systems. The
technique has fundamental advantages compared with optical, electrical or magnetic
methods, including being simple to implement, enabling high throughput and being
easy to integrate with other analysis functionalities [139].
Trapping arrays of U-shaped structures with 2 µm high gaps were proposed by Di
Carlo et al. [140, 141] to culture and observe HeLa (human cervical carcinoma)
cells. The gap provided an opening to a fraction of fluid carrying cells to enter each
trap. Once a cell had been located within the trap this partial flow would be blocked
by the cell and other cells would be carried around the occupied trap. Cell loading
processes were able to be conducted in less than 30 s. In average, 85 % of HeLa
cells could be maintained within the primary trapping site after 24 hours, and the
rates of cell adhesion, division and death were comparable to control experiments.
Modified U-shaped structures with added narrow gaps were reported by the Cooper
group, enabling trapping of cells in lower shear stress zones for time-lapse studies on
hematopoietic cells and leukaemia [142, 143]. Computer simulations showed that the
average shear stresses experienced by trapped cells were much lower than outside the
trapping structures, achieving an over 90 % cell viability of histiocytic leukaemia cells
after 24 hours of on-chip culturing.
More recently, U-shaped trapping arrays have been adapted for a range of different
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applications. For instance, an array of each traps containing front and back side
capture cups and support pillars on either side of the cups for cell pairing and fusion
was presented by Skelley et al. [144]. It was demonstrated that the device could
immobilize and properly pair thousands of cells at once, including several types of
cells (i.e. fibroblasts) at a 70 % pairing efficiency. Platforms incorporating a U-shaped
trap into the microchambers were designed for week-long clonal expansions of single
cells [145, 146]. Single cells including fibroblasts, myoblasts and leukaemia cells
were able to be captured by the traps and subsequently cultured in the large-sized
microchambers for weeks.
To improve the efficiency of single cell capture, an approach based on different fluidic
resistances in microchannels was firstly reported by Tan et al. [147], named as the
µ-Fluidic Trap. The platform consists of square-wave shaped loop channels super-
imposed onto a straight channel with constricted regions just before intersections
acting as traps. It was designed so that the straight channel had a lower flow resis-
tance than the loop channel, resulting in a particle carried into the trap by the main
flow along the straight channel. Because the flow resistance of the straight channel
drastically increased after trapping of a particle, the subsequent particles then flowed
along the loop channel, passing by the filled trap to the next empty one. This concept
was modified for the capture of mammalian cells [148], and even highly motile cells
[149], by varying the dimensions of the microchannels. The trapping efficiencies for
single lymphoma cells were demonstrated to be improved up to 97 %, with a high
cell viability (over 90 %) and a minimization of cell loss. Furthermore, Frimat et
al. proposed an adapted µ-Fluidic Trap microfluidic platform for both homotypic
and heterotypic single cell pairing and co-culture [150]. In this case, the traps in the
straight channel were mirrored and interfaced by the sub-cellular-sized aperture. The
second type cells were sequentially arrayed using reversal of the flow, obtaining a
high cell pairing of 70 %. More recently, Chen et al. reported a single-cell migration
platform integrated µ-Fluidic Trap with narrow migration channel [151]. Using this
platform, the chemotactic behavior of individual cancer cells could be specifically
traced and delineated by positioning single cells at the entrance of each migration
channel.
Although extensive hydrodynamic approaches to trap single mammalian cells have
been developed for studies on comprehensive cellular heterogeneity, their application
to tip-growing cells germinating from spores remains limited [86]. One particular
challenge for the design of platforms for tip-growing cells is that a spherical/oval
spore needs to be trapped so that the resulting germ tube can elongate and be ex-
posed to a variety of analysis. Agudelo et al. developed an experimental platform,
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named TipChip, enabling efficient and high-throughput large-scale phenotyping of
pollen tubes [107, 152]. The device allowed suspended pollen grains to be transported
through a distribution chamber, after which they were positioned at the entrances of the
microchannels. These channels guided pollen tubes growing from the grains along and
exposed elongating tubes to a variety of mechanical obstacles and constraints. After
pollen grains were trapped, the culture medium could be set to continuously flow in to
maintain a nutrient-rich environment, while keeping grains trapped at the entrances
of the microchannels by fluid pressure. The device was later modified to implement
an on-chip bending test for the investigation of biomechanical properties of pollen
tubes [153]. To achieve this, the growing pollen tubes were guided through a short
microchannel and subsequently exposed to a bending force by the fluid flow orientated
perpendicular to the tubes. Ghanbari et al. further improved the TipChip platform to
achieve the trapping of exactly one and not more pollen grains at the entrance of each
microchannel [108]. Improvements also guaranteed identical fluid flow conditions in
all microchannels for more comparable pollen tube growth.
Apart from the many advantages, one major intrinsic limitation of flow-assisted cell
trapping is that the trapped cells have to be constantly exposed to the fluid flow for
immobilization. While this helps with nutrient supply, shear stresses applied to the
cells pose the risk that trapped cells are mechanically compressed, which may alter
biological responses such as cell growth and viability [154, 155]. On the other hand,
if the applied fluid pressure is kept low to avoid shear stress related experimental
artefacts, cells may escape during long-term culture, resulting in a relatively poor
position accuracy or ultimately cell loss. For the work presented in this thesis, trapped
single zoospores or conidia needed to be physically confined so that their individual
germinating germlings could be guided to grow in the direction towards force sensing
micropillars, while not affecting neighbouring ones. Therefore, it was required that
a microfluidic trapping system could be integrated with a long-term culture method
and sequentially compartmentalized for single zoospores/conidia growth analysis and
protrusive force measurement of germ tubes. Microvalves are the natural choice for
enabling such active compartmentalization and will be introduced in the next section.
4.1.2 Microvalves for on-chip cell culture
Passive compartmentalization approaches such as microfluidic droplets or microwells,
elaborated in Section 2.4, allow for high throughput, controllable sample/reagent
volumes, long culture periods and simple fabrication for encapsulation of single cells.
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However, they are not easily integrated with the force sensing module used in this
thesis, where hyphae grow along microchannels and contact with the free-bending
measurement micropillars inside these channels. Thus, an alternative method for active
compartmentalization after trapping was sought. Microvalves, which allow one to
control routing, timing, and separation of fluids with fast response [156, 157], were
thus investigated. Among various actuated sources of microvalves (i.e. electrokinetic,
pneumatic, phase change [158]), pneumatic microvalves are preferentially used in
microfluidic devices because of the ease of integration with standard soft lithography
processes and simple system setup.
These types of valves were first reported by the Quake group and initial valves were
formed by a crossed-channel architecture using a multilayer soft lithography technique
[159]. When the pressure was applied to the upper channel (control channel), the
membrane of polymer between two channels deflected downward, resulting in the
closure of the lower channel (flow channel). Due to the valves closing after actuation,
these valves are commonly referred to "Normally-open" membrane valves. To guar-
antee reliable and complete valve closure, a round cross-section is required for the
flow channel. If operated into a flow channel of rectangular cross-section, incomplete
deflection of the membrane into the channel corners causes fluid leakage, leading
to this arrangement being termed "sieve-valve" [159]. Despite of or because of this
leakage, sieve valves are typically only used to control the movement of larger particles
in solution, which cannot bypass the constriction and are thus "sieved" [160]. Using
pneumatic valves, large-scale integration and complex fluid manipulations with a
minimal number of inputs by plumbing networks were demonstrated [161, 162]. More
recently, the Quake valve was modified to reduce the actuation pressures required and
increase the aspect-ratio of fluidic channel geometry (height:width, from 1:10 to 1:2)
by switching the vertical position of the flow and control channels [163, 164]. As
opposed to the previous version of the valve, in this version the membrane pushes up
to seal off the flow channel and is thus called a "push-up" valve. Also, unlike in the
previous version, where the thickness of membrane varied from the edge of the channel
to the middle, the membrane of the modified valve was uniform and featureless, which
made the complete closure independent from the depth of the fluid channel. Because
of its ease of integration with both particles (cells) and liquid (reagents), the "push-up"
membrane valve has been widely used for protein separation [165], batch culture of
bacteria [166], migration of human T cells [167], colony expansion of hematopoietic
stem cells [168], and whole genome amplification of cancer cells [169].
With increasing attention on single cells analysis, the normally-open membrane valves
have further been adapted to help isolate single cells for subsequent analysis [170, 171].
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Xu et al. demonstrated a microfluidic device for single cell targeted gene mutation
analysis [171]. Cells in normal saline buffer were injected into a microchannel, and
microvalves were closed to separate single cells from subsequent cells, followed by
the single cell moving through the valves. However, due to limitations on cell density
in the suspension and flow rate of cell introduction, this approach to isolate/trap single
cells has proven time-consuming and of limited throughput. To address these issues,
microfluidic platforms combing normally-open valves with hydrodynamic single cell
trapping techniques were developed [172–175]. Chen et al. reported an integrated
system to rapidly measure gene expression in individual cells for genetic stability as-
sessment [173]. Single cells were trapped in a U-shaped sieve structure in each capture
chamber, then pushed out of the traps and addressed to one of the reaction chambers
by guidance of a series of microvalves. The device was used with cancer cells and
immortalized cells, achieving 95 % occupancy of single cells in 1 min at a cell loading
concentration of 5 × 105 cells/ml. Another successful case is the commercial product
C1 system (Fluidigm Corporation.), which provides the first automated solution for
single-cell genomics, including fluidic isolation of cells, staining, microscopy, lysis
and qPCR preparation [176].
4.1.3 Microfluidic platform for single tip-growing cell analysis
The second component required for single zoospores/conidia trapping and germ tube
protrusive force measurement is the tip-growth analysis part. Recently, several studies
have reported parallelized manipulation and analysis of single tip-growing cells by
applying single cell trapping and microvalving methods [109, 177]. The integrated
microfluidic platform developed by Geng et al., as mentioned in previous Section
2.4, allowed single conidia to be trapped, from which individual germlings grew in
separated channels for comparative germ tube growth and dynamics analysis [109].
A single normally-open microvalve located on a serpentine cell loading channel with
rounded cross-section was utilized to compartmentalize conidia after hydrodynamic
trapping. Germ tubes resulting from each conidia were prevented by this valve from
extending into the cell loading channel, while compartmentalization allowed each
to be exposed to equivalent environments. Although the device achieved a trapping
efficiency of up to 70 %, it suffered from the accumulation of multiple cells in single
trapping sites. More recently, Hu et al. presented a device for the characterization of
mechanical properties of tip-growing cells in the form of pollen tubes [177]. In this
case, the pneumatic membrane valves were not only used to fix pollen tubes inside the
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chip, but also to exert a controlled uniform external pressure on the tubes acting as a
form of soft indentation probe. The soft compression using the membrane produced a
distributed force along a large area, allowing for the detection of averaged mechanical
properties. The experimental results indicated that the compressibility and stretch ratio
increased considerably with increasing initial diameter of pollen tubes.
Despite the number of existing platforms for tip-growing cell studies, reports that
comprehensively integrate trapping with characterization and sensing methods for
invasive growth forces on single tip-growing cell levels remain limited. The PDMS
microchamber array, which has been described in Section 2.4, was developed as a
force sensor for single cells of rod-shaped fission yeast by analysis of the growth of
cells and deformation of the chamber [112]. However, similar to other microwell
devices, placement of single cells into each microchamber was time-consuming and
difficult to reliably replicate, as cells were pushed into the chambers by slightly press-
ing a glass coverslip onto them. Similarly, the adapted TipChip device was developed
for penetrative forces exerted by pollen tubes, via measuring the deformation of the
sidewalls of moderate-sized gaps when tubes passed through the narrower gaps [113].
Nevertheless, while cells were exposed to continuous flow during the measurement, the
elongating tubes may be pushed backwards by the force of hitting the sidewalls of the
narrow gaps, which may affect the results of the force measurements. Finally, in terms
of the lab-on-a-chip device combined with capacitive force sensor [114], because the
pollen grains were randomly loaded in the reservoir, the tubes grew in a disorderly
manner into the microchannel, potentially cross-contaminating measurements.
To overcome some of the limitations of the existing platforms described above, a
new platform combining force sensing micropillars with single zoospore trapping,
on-chip germination and organism maintenance was designed as part of this thesis.
As described below, the platform monolithically integrates hydrodynamic trapping
with microvalve-based compartmentalization and micropillar-based force sensors.
Immobilization and on-chip culture of cells were realized using the techniques of
hydrodynamic single cells trapping and normally-open membrane valves. In the re-
mainder of this chapter the design and fabrication processes of a three-layer PDMS
device are described, as is the characterization of the normally-open microvalves. Fi-
nally, the applicability of the platform is demonstrated by the introduction and capture
of individual zoospores of the oomycete A. bisexualis. Zoospores are cultured on the
device and the microNewton forces exerted by germ tubes measured by tracking the
deflection of elastomeric micropillars. The platform allows for high-throughput com-
partmentalization of individual zoospores or conidia into separate force measurement
channels for parallelized screening, taking into account cellular heterogeneity, nuclear
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distribution and dynamics at the individual hyphal level in response to exposure to
various biocontrol strategies.
4.2 Materials and methods
4.2.1 Microfluidic platform design
The microfluidic platform was devised to consist of two PDMS layers, a gas control
and a fluidic layer, separated by a PDMS membrane of 15 µm thickness, as shown in
Fig. 4.1. The gas layer on the top contains a 200 µm wide and 50 µm high microchan-
nel connecting with a gas inlet, which allows for on-off control of the microvalve via
pressurization. The fluidic layer on the bottom is composed of parallel measurement
channels, integrated with a zoospore trap-site close to the entrance and a freely bending
elastomeric micropillar as a force sensor in each channel. Measurement channels
connect with a zoospore loading channel on one side and a media supply channel on
the other side, both 30 µm in height. The width and height of measurement channels
were set to 35 and 30 µm, respectively.
Figure 4.2 shows the principle design of the device and membrane microvalve oper-
ation. A series of zoospores are introduced from the zoospore inlet, flow along the
loading channel and are captured in the trap sites one after another when the zoospore
and media outlets are open. After all the trap sites are occupied, the zoospore inlet is
closed and gas is injected into the gas layer to shut off the sieve microvalve located
on the right above the zoospore loading channel, preventing trapped zoospores from
escaping. Zoospores are cultured through germination until germ tubes appear. The
germ tubes germinated from trapped zoospores then grow through the measurement
channels and deflect the force sensing pillars, while media continues to be supplied
from the media inlet.
Two types of constriction structures were designed for the trap-site to investigate
the capability of single zoospore capture (see Fig. 4.3). Because the diameter of
A. bisexualis zoospores ranges from 10 to 15 µm, the constriction width, where the
channel width is reduced, was set to 8 µm. Constriction type A has constrictions in
both the horizontal and vertical directions (8 µm in width and 5 µm in height), while
type B is a horizontal-only constriction (30 µm in height, which is the same as the
other region of the measurement channel). The width of zoospore loading channel was
varied between 60, 120 and 180 µm to optimize the closing function of membrane
valve.
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Figure 4.1: Concept design of modified microfluidic platform for zoospore capture,
germination and germ tube force sensing. (a) Entire chip showing the geometry of
device including two PDMS layers and a PDMS membrane. (b) Detailed view of the
measurement channel in the fluidic layer while a zoospore flows into and is captured
by the trap site. (c) Detailed view showing a germling developing from a zoospore
growing in the measurement channel. (d) Detailed view showing the germ tube hitting
the force sensing micropillar which causes the pillar to bend, enabling determination
of the applied force.
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Figure 4.2: Schematic diagram of the fluidic microchannels and the membrane mi-
crovalve showing the operating principle of the device. (a) Microchannel design of the
gas layer (gray) and the fluidic layer (blue). The gas inlet and media inlet are closed
while zoospores are introduced. (b) After trapping of zoospores the microvalve is
closed by pumping air into the gas layer and the media is supplied from the media
inlet while the zoospore inlet is closed. (c) and (d) Cross-section through A-A’ during
zoospore introduction (microvalve is open) and zoospore maintenance (microvalve is
closed).
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Figure 4.3: Schematic diagram of the two types of constriction structures A and B in
the measurement channels and their A-A’ cross-sections. (a) Type A, both horizontal
and vertical constriction (8 µm in width and 5 µm in height). (b) Type B, horizontal
constriction only (8 µm in width and 30 µm in height).
4.2.2 Fabrication of microfluidic chip
The PDMS chips containing either the gas or fluidic layer were fabricated by replica-
molding of photoresist masters and bonded via a thin PDMS membrane. We utilized
the same fabrication processes protocol, as described in Section 3.2.1, to produce a
two-layer photoresist master for the fluidic layer by combining negative (ADEX05)
and positive (AZ 40XT) photoresist. In brief, two photomasks were designed for the
two-layer photoresist master using Tanner L-Edit software (Mentor Graphics), and
manufactured using a micro pattern generator (µPG101, Heidelberg). The first-layer
mask for the negative photoresist contained the outline of channels and constriction
structures inside channels (see Appendix B.1), while the second-layer mask for the
positive photoresist had additional features of micropillar cavities and vertical obstacle
for constriction type A. Next, a 4" silicon wafer was coated with 5 µm thick negative
photoresist ADEX 05 by lamination at 65 °C, followed by dehydration and pre-
cleaning of the wafer. The photoresist was exposed at a power of 170 mJ/cm² using
the first-layer photomask and short wavelength filter, and post-baked by ramping up at
100 °C/hour to 65 °C (5 min) and 95 °C (10 min) on a programmable hotplate. The
wafer with the first-layer pattern was developed in cyclohexanone for 5 min, rinsed
with IPA and dried by N2. Then, the positive photoresist AZ 40XT was spun on the
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wafer at 500 rpm for 20 s and 2000 rpm for an additional 30 s, edge-bead removed,
and soft-baked at 126 °C for 3 min, achieving a thickness of 25 µm for the second
layer. After exposure at 250 mJ/cm² using the second-layer mask, the wafer was
heated to 105 °C for 80 s on a hotplate. The two-layer master for the fluidic layer, as
shown in Fig. 4.4, was completed by 3 min development with developer AZ 326MIF,
rinsed with IPA and dried with N2. Figure 4.5 shows detailed views of the fabricated
photomasks for the two layers, as well as the photoresist master with constriction type
B. Since the channels only shrink in the horizontal direction for constriction type B,
the constriction feature in the second-layer in the photomask was the same as that of
the first-layer.
For the gas layer master, standard photolithography processing was used, as shown in
Figure 4.6 step 1-4. A 4" chrome-on-glass photomask containing the gas layer pattern
was prepared using the µPG101. A 4" silicon wafer was dehydrated in a 185 °C oven
for over 2 hours and cleaned by oxygen plasma for 10 min at 100 W. Then, a dry
film negative photoresist, ADEX 50 (thickness 50 µm, DJ DevCorp), was laminated
onto the pre-cleaned Si wafer at 65 °C. This was exposed using the gas layer mask
in the UV lithography system at an exposure dose of 325 mJ/cm² in low-vacuum
contact mode with the short-wavelength exclusion filter. Following this, the wafer was
developed in cyclohexanone for 20 min, rinsed with IPA and dried by N2. Finally, it
was post-exposure baked by ramping (100 °C/hour) to 65 °C (5 min) and 10 min at
95 °C on a programmable hotplate. The master mold of the gas layer was completed
via a hard-bake at 150 °C for 1 hour, as shown in Appendix B.1.
Both PDMS chips of the gas and fluidic layer were molded into Sylgard 184 silicone
elastomer (10:1 w/w). The two master molds were treated by vapour-coating with
TFOCS in a desiccator for 30 min to facilitate mold release. Pre-mixed and degassed
PDMS was then poured onto the treated molds and degassed for an additional 30 mins
until all bubbles had disappeared. After a 2 hour bake at 80 °C on a hotplate, the
PDMS chips were peeled off carefully. Meanwhile, a 4" silicon wafer was dehydrated
at 185 °C in an oven for over 2 hours, cleaned by acetone, IPA and then treated by
vapor-coating with TFOCS in a desiccator for 30 min. Pre-mixed (10:1 w/w) and
degassed PDMS was spin-coated onto the pre-treated Si wafer by a spin-coater (WS-
650, Laurell) at 3000 rpm for 30 s, achieving an average thickness of 17 µm. The
PDMS membrane was cured via a 2 hour bake at 80 °C.
The two PDMS chips and thin membrane were assembled by oxygen plasma bonding
(Tergeo, PIE Scientific). The gas inlet port was punched into the gas layer using a
1.0 mm diameter biopsy punch. Both the gas layer and membrane still on the silicon
wafer were plasma treated (5 sccm O2, 15 W, 1 min), bonded together, and baked
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Figure 4.4: Light micrographs of fabricated photoresist master mold and PDMS
chip for the fluidic layer with constriction type A. (a) Master mold of the fluidic layer
including 120 µm wide zoospore loading channel and measurement channels patterned
by negative photoresist ADEX 05 as first layer and positive photoresist AZ 40XT
as second layer. (c & e) Detailed view of the constriction structure and micropillar
cavity of the dual-layer photoresist master. (b, d and f) PDMS chip of the fluidic layer,
detailed constriction structure and force measurement micropillar.
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Figure 4.5: Light micrographs of fabricated photomasks, photoresist master mold and
PDMS chip of constriction type B. (a & b) Detailed view of photomasks of first and
second layers of the constriction structure. (c) and (d) Detailed view of photoresist
master mold and PDMS chip of the vertical-only constriction structure.
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Figure 4.6: Fabrication processes of the gas layer photoresist master using standard
photolithographic methods (Steps 1-4). Steps 5 and 6, PDMS casting of two chips
and spin-coating of the thin PDMS membrane. Steps 7 and 8, device assembly. The
gas layer chip was first bonded onto the PDMS membrane, and carefully peeled off
from the silicon wafer together with the attached thin membrane. Finally, the fluidic
layer chip was manually aligned and bonded to the PDMS membrane with the gas
layer attached on the opposite side.
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for 2 hours at 80 °C. Then, the gas layer bonded with membrane was peeled off
carefully from the silicon wafer. Similarly, after punching of the zoospore and media
inlet/outlet ports on the gas layer, the fluidic layer and membrane with gas layer were
plasma treated (5 sccm O2, 15 W, 1 min), manually aligned and bonded together. The
LOC device was completed after a 2 hour bake at 80 °C on a hotplate. Notably, all
PDMS alignment steps during the device assembly were performed using a customized
alignment stage built specifically for PDMS chips [178]. This stage included back
illumination, a XY-stage with rotation (THORLABS,Inc.) as bottom layer holder, a
glass holder for the top layer and a digital microscope (Dino-lite, AnMo Electronics
Corporation) connected to a PC and as shown in Fig. 4.7. For alignment the gas
layer bonded to the thin membrane was placed on glass and slid into the top layer
holder. By adjusting the position of the fluidic layer on the bottom layer holder the two
chips were aligned under the microscope and then brought into contact. The bonding
process was then completed via baking. Figures 4.7 (c-e) show two chips being aligned
using the alignment marks under the illumination from top, back and both. As can
be seen, the light from bottom provided better contrast for PDMS alignment, and the
alignment error could be reduced to within ±10 µm this way. As a last fabrication
step, assembled devices were degassed for 1 hour in a vacuum chamber to improve
filling with media and sealed into food-grade vacuum bags using a vacuum sealer for
storage. As shown in Figure 4.8, using the above protocol high-aspect ratio, in-channel
force sensing micropillars were successfully integrated with hydrodynamic traps on a
monolithic PDMS valving platform. The three-layer prototype device contained six
parallel measurement channels, each made of a trap and sensor pillar, while a single
large valve closes off the zoospore inlet channel and thus all the measurement channels.
In the next section the procedure to induce A. bisexualis zoospores for introduction to
the platform will be described.
4.2.3 Achlya bisexualis zoospore induction procedure
A. bisexualis zoospores were produced through a starvation cycle [179]. A nappy liner
(Asaleo Care Limited) was cut slightly smaller than the diameter of a Petri dish, boiled
3 times for 10 min each in distilled water, and autoclaved. It was then placed carefully
on PYG agar in a Petri dish (containing [in% w/v] peptone [0.125], yeast extract
[0.125], glucose [0.3], and agar [2]). Six inoculum plugs from a fresh culture growing
edge of A. bisexualis were cut on a 45° angle to reduce the amount of media transferred
across. The inoculation plugs were evenly spread around the plate on the nappy liner,
as shown in Fig. 4.9(a). After incubation at 26 °C for 24 hours, the nappy liner with the
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Figure 4.7: (a) and (b) Photographs of the customized stage for PDMS chip alignment
during device assembly, including a back illumination light source, a XY-stage with
rotation as bottom layer holder, a glass holder for top layer and a digital microscope.
(c-e) Light micrographs of the alignment mark of two PDMS chips after alignment
under top, back and top & back illumination. (f) Light micrograph of aligned gas layer
and fluidic layer in the microvalve area under back illumination.
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Figure 4.8: Fabricated PDMS platform. (a) Photograph of the monolithic PDMS
platform on a glass microscope slide filled with colored liquid (red coloring for the
fluidic layer, green for the gas layer). (b) Light micrograph of assembled platform
containing six parallel measurement channels with a trap and force sensing micropillar,
and a single large membrane valve above the zoospore loading channel. (c) Light
micrograph of cross-section through A-A’ showing the three layer structure of the
platform.
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Figure 4.9: A. bisexualis zoospore induction. (a) Photograph showing six inoculation
plugs placed on the PYG agar Petri dish with nappy liner. (b) Photograph of the
flask, containing the nappy liner with the growing colony, on an orbital shaker. (c)
Photograph showing zoospores being collected in the flask. (d) Light micrograph of
produced A. bisexualis zoospores on a microscope slide. (e & f) Light micrographs
of germinating zoospores after 2 hours of being cultured in PYG broth at 26 °C. (g-i)
Light micrographs showing the zoospores germinating and growing in the seeding area
of the previous PDMS platform filled with PYG broth after 2, 5, 7 hours, respectively.
The scale bars are 20 µm.
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colony growing on it was peeled off from the PYG agar, and placed aseptically into a
250 mL flask containing 100 mL autoclaved PYG broth (containing [in% w/v] peptone
[0.125], yeast extract [0.125] and glucose [0.3]). Following gentle swirling on an
orbital shaker at 150 rpm for 24 hours at 26 °C in the dark, the PYG broth in the flask
was exchanged with mineral salt solution (containing 5 mM KNO3, 10 mM Ca(NO3)2,
4 mM MgSO4, 20 mM FeSO4 and 20 mM di-sodium Ethylenediaminetetraacetic acid
(EDTA)) five times in the first hour. Between each change the flask was returned
to the orbital shaker at 26 °C and shaken at 150 rpm. The sixth solution exchange
was implemented after 1 hour of swirling on the orbital shaker at 150 rpm, 26 °C,
after which the flask was again replaced on the orbital shaker and left overnight. The
next day the contents in the flask were poured through two layers of sterile Kimwipes
into a sterile flask and vortexed for 10 s to collect the fully developed zoosporangia
and encyst the zoospores in solution. After distributing the zoospore solution into
several centrifuge tubes, these were centrifuged at 800 rpm for 10 min at 20 °C, and
the supernatant of the solution was carefully removed. The zoospores in the bottom of
the tubes were re-suspended in the mineral salts solution, and stored at 4 °C until use.
The germination of zoospores was observed after mixing of the produced zoospore
solution with PYG broth (1:1 v/v) and incubation at 26 °C for 2 hours. As they
germinated (Fig. 4.9(d)), zoospores grew larger and started putting out a germling after
2 hours of culture (Fig. 4.9(e) and (f)). In order to also demonstrate the germination
of A. bisexualis zoospores on the PDMS device, a series of zoospores in PYG broth
media (1:1 v/v) were introduced into the seeding area of the previous microfluidic
force sensing platform, as shown in Figure 3.12. After 2 hours of culture on the
platform, a number of zoospores were observed starting to germinate. These germlings
grew robustly and branched after 7 hours, as shown in Fig. 4.9 (g-i), indicating good
compatibility with the PDMS material.
4.2.4 Experimental setup
The system for single zoospore capture, maintenance and germ tube force sensing
was operated using the setup depicted in Figure 4.10. A 1 mL syringe with zoospore
sample, actuated by a syringe pump (NE-300, New Era Pump Systems), was connected
to the zoospore inlet using a Teflon tube (ETFE 1/16", Upchurch Scientific), a short
Tygon tubing adapter (Cole-Parmer) and metal needle (blunt end, 90 degree bent
tip, 18 gauge) for sample introduction. A pressure controller (OB1 Mk3+, Elveflow)
combined with a compressor silent air system (SAS-062, Dürr Technik GmbH & Co.
KG) was utilized to drive the membrane microvalve by applying positive pressure. The
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Figure 4.10: Experimental setup for the zoospore capture and maintenance device. (a)
Schematic diagram of the flow system. (b) Photograph of the entire experimental setup
including flow control and microfluidic device mounted on the inverted microscope.
(c) Detailed view of the platform on the microscope stage with inlets/outlets and valve
control connected.
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same controller was also used to supply media by connecting to a 5 mL reservoir with
media, a microfluidic flow sensor (Elveflow), the bent tip needle and the media inlet to
a second channel. Both, the positive pressure for microvalve and flow rate of media
were regulated using the supplied software interface (ESI, Elveflow). The capture of
single zoospores, growth of germlings from zoospores in the measurement channels
and micropillar deflection by the tip of each germ tube were recorded using an inverted
microscope (ECLIPSE TS 100, Nikon) and a digital camera (xiQ MQ013MG-E2,
Ximea) connected to a PC running digital acquisition software (CAMTool, Ximea).
4.3 Experimental results and discussion
This section summarizes and discusses the experimental results obtained with the
integrated monolithic platform for single zoospore capture, germination and single
germ tube force sensing. First, sieve valve membrane operation and optimization of
the zoospore loading channel are discussed. This is followed by results relating to
zoospore capture and maintenance. Finally, the first force measurements on single
germlings originating from individual zoospores are demonstrated on the platform.
4.3.1 Optimization of zoospore loading channel and membrane
valve driving test
Device fabrication was complicated by the fact that pillar integration requires channels
with a rectangular cross-section [24], while normally-open valves require rounded
channel profiles [159]. The positive resist layer required to integrate the pillars
currently precludes the use of resist reflow to form rounded structures for complete
valve closure, as this would also distort the pillar cavity shape. Figure 4.11 shows
one example of the photoresist mold with positive photoresist AZ 12XT patterned.
The cavities in the channels were destroyed during the reflow process at 130 °C for
1 min, while other parts of channels formed rounded corners. As such, the target of the
current design using sieve membrane microvalves was foremost to retain zoospores in
the trap-sites of measurement channels to guide the growth of germ tubes towards the
measurement pillars.
Based on this, the width of the zoospore loading channel had to first be optimized,
as a wider channel allows the PDMS membrane to bend more markedly, resulting
in a better sealing effect of the sieve microvalve, and a reduced chance of zoospores
escaping the traps. A zoospore loading channel that is too wide reduces the zoospores
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Figure 4.11: Light micrographs showing the channel patterns of positive photoresist
AZ 12XT integrated with micropillar cavities before (a) and after (b) the reflow process
at 130 °C for 1 min.
trapping rate since more zoospores flow further from the measurement channels and
are thus not able to be captured. To investigate this, devices were fabricated with
a zoospore loading channel width of either 60, 120, 190 µm and used to evaluate
cell capture and retention efficiencies. Furthermore, device assembly led to a typical
alignment error of a few micrometers between the two PDMS parts, inevitably in some
platforms the microvalve chambers were well-aligned to the zoospore loading channel,
while in others the microvalve chambers were partially overlapped. To take account
of this, both well-aligned and overlapped platforms with each loading channel width
were tested.
Prior to this, the deflection of the thin membrane was evaluated for various pressures
up to 2.0 bar, which was the maximum positive pressure available on the particular
OB1 flow controller. This test was performed while the fluidic layer of the platform
was filled with DI water and the results showed that obvious membrane deformation
(dark region at the edge of the microvalve chamber) could be observed when the
pressure was higher than 1.0 bar for 120 and 190 µm wide zoospore loading channels,
and 2.0 bar for the 60 µm wide channel (see Fig. 4.12 (a-c)). The dark region became
noticeably wider and darker with the increase of applied positive pressure. Polystyrene
microspheres (20 µm in diameter) suspended in DI water were injected into the fluidic
layer from the zoospore inlet after the microvalve was closed (pressure = 2.0 bar).
Since the PDMS membrane did not completely seal the zoospore loading channel, the
water continuously flowed along the bottom two corners of the rectangular channel
(dark area in the figures). Microspheres were stopped by the deformed membrane at
the edge of the microvalve, which further confirmed sufficient deflection of PDMS
membrane.
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Figure 4.12: Membrane microvalve driving test under various pressures and zoospore
loading channel widths. (a-c) Light micrographs of normally-open microvalves at
applied pressures of 0, 1.0, 2.0 bar, respectively. (d) Light micrographs showing 20 µm
diameter microspheres being stopped by the deflected PDMS membrane while the
applied pressure was 2.0 bar. Each column represents a different width of zoospore
loading channel, from left to right: 60, 120 and 190 µm.
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To optimize the width of the loading channel for cell retention, the same 20 µm
diameter polystyrene microspheres were suspended in DI water and injected into the
fluidic layer from the zoospore inlet at a flow rate of 20 µL/min using the syringe
pump. After capture of the microspheres in the trap-sites of the measurement channels,
the membrane microvalve was closed by applying the previously determined positive
pressure (2.0 bar) to the gas layer of the platform. DI water was then pumped into
the fluidic layer from the media inlet at a flow rate of 5 µL/min using the pressure
controller, while sample flow from zoospore inlet was stopped. The results for the
60 µm wide zoospore loading channel were shown in Appendix B.2. While a single
microsphere was successfully captured in a trap-site of a measurement channel, the
same microsphere could be dislodged back into the corner of the zoospore loading
channel even after the membrane valve was closed. The DI water injected from the
media inlet clearly provided enough pressure, suggesting that the PDMS membrane
was not deflected enough to retain the microsphere inside the trap-site. This was
the case whether microvalve chamber and zoospore loading channel were perfectly
aligned or not.
In comparison, closed membrane microvalves successfully prevented all trapped
microspheres from escaping when 120 or 190 µm wide zoospore loading channels
were used, as shown in Figure 4.13 and Appendix B.2. This indicated that, even
though the membrane valve on the current platform could not completely block the
zoospore loading channel, it should possess the capability to keep zoospores trapped.
At the same time, the error of alignment during the chip bonding appeared to have no
distinct effect on the microvalve closure and particle/cells immobilization. Given that,
the further away from the trap sites the zoospores flow through the loading channel,
the lower the probability for zoospores to be trapped, platforms with 120 µm wide
zoospore loading channels were used in the subsequent experiments.
Finally, red food coloring was mixed in with the polystyrene microsphere solution
to achieve better visualization of the entire trapping operation. Figure 4.14 shows an
example of a single microsphere flowing into a measurement channel, blocking the
constriction of the trap site, and thus diverting successive microsphere to the next trap.
After becoming trapped, the microspheres were successfully retained in the trap site
by closure of the membrane valve. DI water, perfused from the media inlet to simulate
convection-based media supply, faded the red color in the channel, but did not dislodge
the microspheres from the trap sites. Following this successful trapping demonstration,
microspheres were replaced with live zoospores, as described in the next section.
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Figure 4.13: Microsphere capture and retention tests on the platform with a 120 µm
wide zoospore loading channel. (a), (c) and (d) Light micrographs showing a single
microsphere being captured in the trap-site of one measurement channel, the membrane
microvalve being closed at a pressure of 2.0 bar, and the microsphere flowing back
against the membrane valve after the DI water was pumped from media inlet. Note, in
this example the microvalve chamber was overlapping the zoospore loading channel
due to an alignment error. (b), (d) and (f) Light micrographs showing the same result
on a device where the microvalve chamber was more precisely aligned to zoospore
loading channel.
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Figure 4.14: Simulation of experimental device operation using polystyrene micro-
spheres suspended in water with red food coloring. (a-c) Light micrographs showing a
single microsphere flowing into a measurement channel, being trapped by the constric-
tion structure, and the subsequent microsphere captured in next trap site. (d-f) Light
micrographs showing the closure of the membrane valve and how DI water injected
from the media inlet faded the red color in the measurement channels. Microspheres
were successfully retained by the microvalve during the complete procedure.
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4.3.2 Zoospore capture and maintenance
The same processes as used with microspheres were applied to A. bisexualis zoospores,
which ranged from 10 to 15 µm in diameter and were suspended in mineral salts
solution. The fluidic layer of PDMS platform was first filled with the PYG broth
immediately after each device was taken from its vacuum package. The zoospore
solution was then introduced from the zoospore inlet via syringe pump at a flow rate of
20 µL/min and zoospores were hydrodynamically captured in the trap sites. Following
this, the membrane valve was shut off with an applied pressure of 2.0 bar, while PYG
broth continued to be supplied from the other side of the measurement channels via
the media inlet at a flow rate of 5 µL/min. During the zoospore maintenance stage,
both microvalve closure and media supply were driven by the pressure controller OB1.
The growth of germlings germinating from zoospores compartmentalized into separate
channels was observed using the inverted microscope.
As described in Section 4.2.1, two types of constrictions, type A and type B were
tested following the above operation. Figure 4.15 shows an example of the trapping
and successful retention of a zoospore during a media exchange cycle on the platform
with constriction type A. Since the measurement channel was constricted in both
dimensions in this type, it was blocked by the trapped zoospore, resulting in no sub-
sequent zoospores entering this measurement channel. However, for the constriction
type B, rather than fully blocking fluid flow, the flow rate around the zoospore in the
constriction structure significantly increased. As a result, it could be observed that
smaller captured zoospores were eventually squeezed and pushed through the trap
sites (see Appendix B.3). To address this issue, zoospores were later pre-cultured in
centrifuge tubes before introducing them to the platform, as this allowed zoospores to
grow larger. The zoospore solution was mixed with PYG broth (1:1 v/v), and cultured
in a 26 °C incubator for 2 hours. Figure 4.16 shows a pre-germinated zoospore flowing
into the measurement channel and its capture by the constriction structure and retention
during the media exchange.
Following trapping, the growth of germlings germinating from zoospores into sepa-
rate measurement channels was observed on the platforms with each of two types of
constrictions. Figure 4.17 shows an example of a trapped zoospore germinating, and
the resulting germling growing through the constriction and along the measurement
channel. Similarly, the germlings from pre-cultured zoospores were observed to grow
along the measurement channel during the supplementation of culture media (see
Fig. 4.18). In general, as shown in Figure 4.19, the growth success ratio (7/10) of
the zoospores captured by horizontal constriction, Type B was much higher than that
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Figure 4.15: Single zoospore trapping and immobilization test on the platform with
constriction type A (constriction in both vertical and horizontal directions, 8 × 5 µm
width × height). Light micrographs showing the empty constriction (a), a zoospore
being captured by the constriction structure (b) and successfully retained during the
media exchange cycle (c & d).
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Figure 4.16: Trapping and immobilization test of pre-cultured zoospores on the
platform with constriction type B. Light micrographs showing the empty trap site
(a), a pre-germinated zoospore being captured by the constriction structure (b & c)
and successfully retained during the media exchange cycle with the sieve microvalve
closed (d).
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Figure 4.17: A time sequence of light micrographs showing germ tube growth from an
individual zoospore through a combined horizontal and vertical constriction (Type A,
8 × 5 µm width × height) along the measurement channel at 1, 2, 3, 4, 8 and 19 hours
after trapping and culturing on the platform.
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Figure 4.18: A time sequence of light micrographs showing germ tubes growth from
an individual zoospore along the measurement channel of the platform with horizontal-
only constrictions (Type B, 8 × 30 µm width × height) at 3, 4, 5, 7, 11 and 20 hours
after trapping and culturing on the platform.
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Figure 4.19: Bar chart of growth success-ratio for trapped zoospores with constriction
Type A and B. The growth success ratio (7/10) of the zoospores captured by horizontal
constriction Type B, was much higher than that trapped by both horizontal and vertical
constriction Type A (2/12). Insets show a top-down view of the two different trap site
geometries in PDMS.
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trapped by both horizontal and vertical constriction, Type A (2/12). Although this
observation was based on a limited sample number, it indicated the possibility of a
yet to be determined mechanosensory response by the zoospores. Mechanosensory
mechanisms are widespread in fungal and oomycete species [180]. As mentioned
previously, only a very limited number of studies have been conducted in which
zoospores or conidia were hydrodynamically trapped, such as described here. The
only other study so far, by Geng et al. [109], which used a combined horizontal and
vertical trap design to trap and compartmentalize conidia, did not discuss conidia
germination success rates. Interestingly though, in oomycete zoospores, low levels
of encystment and germination have been predicted to be associated with zoospores
becoming mechanically trapped within root hairs [181]. As such, this observation may
warrant further investigation in the future.
For the current design of the platform, an inherent shortcoming is that fluid, in particu-
lar nutrients provided to the trapped cell via the media inlet, can flow through the only
partially-sealed edges of the zoospore loading channel. While this is an unavoidable
limitation brought about by the incomplete seal formed by the sieve membrane valve,
it can lead to zoospores putting out germ tubes into this space which should ideally be
closed off. As previously demonstrated via maze-like structures, fungi explore geomet-
rical structures both in response to nutrient gradients [182] and nutrient-independent
based on search algorithms, which are thought to maximize survival and biomass
homogeneity in microconfined networks [94]. A similar behavior was observed for the
zoospores and their resulting germ tubes on the sieve valve platform. Figure 4.20 (a)
shows an extreme example of a trapped zoospore putting out a germ tube backwards,
which then grew against the deformed PDMS membrane and into the zoospore loading
channel, most likely using the mechanisms described above.
Furthermore, after extended culture hyphae could be observed entering neighbouring
measurement channels via the zoospore loading channel. For example, a germ tube,
originally put out by the zoospore in channel No.4, branched in the zoospore loading
channel and grew into the adjacent channel No.5 (see Fig. 4.20 (b)). Although the
hypha did not affect the force sensing of the germ tube growing towards the micropil-
lars in the measurement channel in this case, the cross-growth may have the undesired
effects on the value of measured forces due to the multiple branching of the measured
hypha itself or via direct physical contact between unrelated hyphae. No distinct
patterns for hyphal extension and branching were observed, and no further analysis
regarding space searching exhibited by hyphae was undertaken, as this design was
discarded in favour of normally-closed valves.
In addition to cross-growth, long-term culture also increased the risk of other con-
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Figure 4.20: Light micrographs of germling growth backwards towards the membrane
valve. (a) A germ tube germinating from a trapped zoospore grew against the deformed
PDMS membrane and underneath it into the zoospore loading channel over a period
of 42 hours of culture on the platform. (b) The hyphae originating from channel No.4
could be observed to grow into the zoospore loading channel, branch and grow into the
neighbouring measurement channel (No.5) during 42 hours of on chip culture. Note,
the membrane valve was opened for better visualization.
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tamination occurring in the platform. Figure 4.21 shows two severe cases of a hypha
contaminated with bacteria and other undefined organisms growing in the platform.
In order to reduce the occurrence of this sort of contamination, chip and materials
handling processes were improved over time. For example, all tubing, fittings and
sample/media containers were autoclaved before experiments, and set up in a sterile
laminar flow hood. As the flow control system could not be sterilized, possible con-
tamination by it and the non-sterile gas source was reduced by adding filters (Kinesis
Ltd.) with 0.22 µm diameter pores onto each pressure channel of the OB1 before the
gas inlet and media reservoirs (see Appendix B.4).
Figure 4.21: The problem of contamination during long-term culture on the platform.
(a) Light micrographs of a hypha covered with bacteria in the channel, and bacteria
in the zoospore loading channel after 19 hours of culture on the platform. (b) Light
micrographs of a platform contaminated with unknown organisms in the area of a trap
site and zoopore outlet after 17 hours of culture.
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4.3.3 Force measurement on single germ tube
Using the media exchange described above, trapped zoospores could be maintained on
the platform until germlings had germinated and extended to the force sensing pillars in
their respective measurement channels. In general, it took germ tubes upwards of 20 h
of culture to reach the measurement section of the culture channel. Considering that
the distance from zoospore trap site to the micropillar was 310 µm, the growth rates
of resulting germlings towards micropillar ranged from 0.26 to 0.4 µm/min (sample
number, n = 9). These were much lower than the growth rates of hyphae from mycelium
on the previous mycelial platform (average = 6 ± 1.6 µm/min) [133]. However, this
value was consistent with the growth rate of N. crassa germlings (∼20 µm/h) observed
on the LOC chips by Geng et al. [109]. Interpretation of all events was further
impacted by whether the respective zoospore also sent out a germ tube backwards
into the sieve valve structure, something a majority of zoospores were observed to
do. Due to a large variability in responses during germination in the traps, not enough
data could be collected to determine whether growth rates of germlings or forces
exerted by zoospores producing only a single germ tube versus two bi-directional germ
tubes may differ. At the impact point, the movement of the top of the micropillar was
recorded using the inverted microscope and digital camera. The mechanical model
and computational image processing techniques described in Section 3.1 were then
used to derive the forces exerted by germ tubes on the micropillars.
Figure 4.22 illustrates that both magnitude and direction of the force exerted by a
single germ tube originating from single zoospores could be recorded as function of
time. For the germ tube shown in Fig. 4.22(a), the force in x-direction increased to
0.8 µN, while the force in y-direction fluctuated around 0.1 µN. These force values
from the example germ tube were much lower than those measured by hyphae from
mycelium in previous mycelial platforms, which is supported by the results obtained
by Wright et al. who found that the force generated by a germ tube is less than
that of a leading hypha from mycelium [80]. As further illustrated by the plot of
force versus time in Fig. 4.22(b), this significant increase in force perpendicular to
the growth direction of this particular germ tube indicates a squeezing type event,
where the germ tube is deflected into the gap between the micropillar and channel
wall and exerts force with the tube wall while traversing the gap. Compared with the
microchannel array developed by Geng et al. [109], not only germling growth and
morphology from zoospores/conidia could be observed, but also the protrusive forces
exerted by resulting germ tubes. By simply changing the position of the force sensing
micropillars or adding multiple pillars spaced along the measurement channels, the
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Figure 4.22: Force sensing on a germ tube of A. bisexualis growing from an individual
zoospore. (a) Time sequence of micrographs showing the hypha growing towards a
force sensing micropillar, hitting and deflecting it, and growing past it. (b) Plot of
the force exerted by the germ tube on the sensing pillar in both x- and y-directions
as function of time. Force in x-direction can be seen to increase throughout the
interaction, indicating a squeezing type event. The inset shows an example of the force
vector overlay generated by the combined ImageJ and Matlab image analysis. Both,
magnitude and force direction can be determined and visualized.
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forces generated by germ tubes at different stages could also be measured. Moreover,
the micropillars can be easily placed in each measurement channel for large scale
parallelized screening, while a capacitive force sensor, with a relative large obstacle
placed at the end of microchannels, could only measure one hypha at a time, before
having to move to the next hypha [114].
While the above demonstrated that the platform could facilitate the first successful
protrusive force measurements on germ tubes originating from individual zoospores,
overall observations led to the conclusion that, to collect statistically-relevant sample
numbers, rather than repeating experiments on the current platform, a different way
to sieve valves would have to be found to improve compartmentalization and reduce
backwards growth.
4.4 Conclusion
In this chapter an improved LOC device, which integrated the existing force sensing
technique of freely bending micropillars with a single zoospores trapping system was
demonstrated. The device was designed to help investigate cell-to-cell variability and
heterogeneity on zoospore/conidia germination, germling growth and protrusive forces
of organisms. Due to the fabrication requirements for the force sensing mechanism,
normally-open sieve valves were implemented for compartmentalization. Successful
hydrodynamic capture of single particles in the trap sites via the constriction structures
in the parallel measurement channels was demonstrated. Optimization results of the
loading channel indicated a width of 120 µm and applied pressure to the gas layer
of 2.0 bar to aid membrane valve immobilization of trapped particles during media
exchange. A protocol to induce A. bisexualis zoospores was implemented, and loading
and retention of captured zoospores in the trap site was shown. Sieve valves were
used to compartmentalize live zoospores and germinate germ tubes for growth into the
individual measurement channels. Trapping and germination efficacy tests indicated
that the combined horizontal and vertical type A trap had greater ability of single
zoospores capture, while the vertical–only type B trap could only trap pre-germinated
zoospores due to their larger size. In addition, traps of type B regularly exhibited multi-
zoospore accumulation in the same trap site as a result of incomplete blocking of the
vertical-only trap by individual zoospores, which let to subsequent zoospores entering
the trap site. However, the growth success ratio of zoospores trapped by type B (7/10)
was much higher than in type A (2/12). Long-term culture of germlings was facilitated
by injection of fresh media into the fluidic layer from the other side of the measurement
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channels. Growth of germ tubes was observed to occur in both directions, towards
the measurement pillars, but also into the sieve valves. The latter was attributed to
the incomplete seal provided by the sieve valve geometry and illustrated interesting
space-finding attributes of the organisms. Nonetheless, the devices enabled germ tube
growth and forces exerted by single germling originating from individual trapped
zoospores to be recorded for the first time. Recorded force magnitudes were smaller
than for established hyphae used on the previous mycelial platform, a difference which
will be further discussed in the following chapter. In summary, the platform introduced
in this chapter enabled the first concurrent study of cell-to-cell variability in germ tube
growth and protrusive force generation, and provides a new tool to help understand
protrusive growth at the single cell level. Issues identified with this platform included
the backwards growth of germ tubes and accumulation of zoospores in the trap sites of




The following chapter describes the integration of normally-closed microvalves into
the force sensing platform to overcome the valving limitations and resulting hyphal
contamination discussed in Chapter 4. The chapter begins by introducing the platform
design and working mechanism. This is followed by the presentation of novel fabrica-
tion protocol and the resulting devices. The chapter concludes by demonstrating the
operation of the platform using polystyrene microspheres.
5.1 Introduction
As discussed in the previous chapter, normally-open membrane valves have been
widely used in many microfluidic applications because of their simplicity and ease
of device assembly. They are well-suited for hydrodynamic trapping devices as they
require no external input in the open state and do not disturb partial flow into the traps.
However, application of these devices to rectangular cross-section fluidic channels
leads to incomplete sealing of the channel corners, giving rise to sieve valves as de-
scribed in the previous chapter. In the case of this thesis, the incomplete sealing led to
the unintended growth of secondary germ tube from the trapped zoospores into the
valve and loading channel, and thus cross-contamination between measurement chan-
nels. For applications requiring complete sealing of rectangular channel cross-sections
with normally-open valves, in-situ fabrication of valve seats via photopolymerization
has been proposed [183]. While this improves sealing for such geometries, it was not
initially considered for this work as it requires highly customized fabrication setups
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to control localized polymerisation, significantly increasing fabrication complexity
beyond standard photolithography.
The experimental results obtained with A. bisexualis zoospores, as discussed in the
previous chapter, demonstrated that the sieve microvalves were capable of preventing
captured zoospores from escaping out of the trap-site during application of media.
However, the incomplete closing led to unintended hyphal growth during long-term
culture. Even though the remaining space between deformed PDMS membrane and
the corner of zoospore loading channel was very small when valves were closed, the
germlings were able to sense the space and media flow inside, resulting in germ tubes
growing against the membrane and branching into other measurement channels. As
mentioned, reflowing and rounding the channel shape using positive photoresist is
one of the most common methods to solve this problem [164]. The patterned pho-
toresist of the fluidic layer mold is heated past its glass transition temperature after
development and thus reflows. This forms a rounded cross-section, with the shape
determined by surface tension. Because there are no 90°corners in the channels, the
resulting microvalves are capable of complete closure. While initially considered, the
reflow process could not be used for this work, mainly due to the high aspect-ratio
(height/diameter) photoresist cavities required in each measurement channel for the
force sensing micropillars. As such, an alternative had to be found to the normally-
open and sieve valves initially integrated into the platform.
The other type of the pneumatic membrane valve is the ’normally-closed’ PDMS
microvalve, which is in a closed state when no pressure is applied [156, 184, 185].
Normally-closed valves not only address the above limitation of complete closure, but
also retain some of the ease of fabrication, eliminating the need for photoresist reflow
or in-channel photopolymerization. The principle of normally-closed microvalves is
that a fluidic channel is interrupted by a valve seat sealed with a membrane in the
rest state. The flow route is opened when negative pressure is applied to the control
channel and the membrane is pulled into the overlying air chamber.
Hosokawa and Maeda first reported an entire PDMS normally-closed microvalve,
which had a PDMS membrane sandwiched between two PDMS microchannel chips
(fluidic and pneumatic chip) [184]. The valve was opened when the pressure differ-
ence across the membrane was higher than 10-20 kPa, and remained closed when
the pressure difference was lower than this threshold value. However, because the
fluidic chip was reversibly bonded to the PDMS membrane with the pneumatic chip,
the microvalve could not resist against positive internal pressures higher than 10 kPa.
Since the normally-closed microvalves are capable of transportation of different fluids
without contamination and precise control of small fluid volumes, they have been
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utilized for a wide range of applications in clinical diagnosis on detection of dis-
ease markers [186–189], cell analyses including bacteria [190, 191] and cancer cells
[192], drug development [193], and chemical analysis [194, 195]. Moreover, these
membrane valves have been further developed to perform some specific functions
including cell seeding [196] and separation [197, 198], fluid mixing [199, 200], and
droplet formation [201]. For instance, a chemical gradient microdevice with em-
bedded normally-closed valves, which facilitated steady-state gradient in flow-free
microchambers, was proposed by Mosadegh et al. [196]. The microvalves enabled
fast and uniform seeding of cells by tilting the device inducing a gravity-driven flow
and immobilization of cells while the microvalves were closed. The gradient was
generated by passive diffusion of molecules, avoiding cells being directly exposed to
constant fluid flow which was conducive to studies on non-adherent or shear stress
sensitive cells. Li et al. [199] adapted the normally-closed valves to store and mix
sub-nanoliter volumes of solutions at various mixing ratios. The final concentrations
after mixing were verified to be very close to predicted values from the chamber
design, profited from precise chamber volumes only defined by photolithography.
Because no extra energy source was required to shut off normally-closed valves and
keep them in closed state, the loaded device was highly portable, and allowed fluid to
be stored for at least 7 days. Another distinctive application for normally-closed valves
has been the generation of uniform emulsion droplets with various sizes [201]. The
microvalve acted as a nano-channel to regulate the flow rate by changing the deflection
of PDMS membrane, resulting in precise size control of the emulsion droplets. Sizes
of generated droplets ranging from 5.5 to 55 µm were achieved without fabricating an
extremely small channel or changing the velocities of sheath flows which may cause
unstable flow and non-uniform droplets. While a number of devices integrated with
normally-closed valves for handling cells and drugs in large scale have been proposed,
fewer studies have used these valves for single cell analysis applications.
In general, normally-closed valves come with an inherent risk of permanent bonding
between the PDMS membrane and valve seat during device assembly. As this would
result in the valve remaining permanently closed, extra care has to be taken during
device manufacturing. The initial practice used was to reversibly bond devices con-
taining normally-closed valves by simply bringing the surfaces of a thin membrane
and fluidic chip into contact [184, 199] or by clamping the whole device using two
polymethyl methacrylate (PMMA) sheets [193]. As mentioned above, this method has
limitations when positive pressure is applied, which may restrict the applications of the
device. One strategy to circumvent the bonding issue is to add a localized passivation
layer on the valve seat, such as mixtures of salt (NaCl) and polyvinylalcohol (PVA)
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solution [202] or metal patches [197]. However, this selective deposition of sacrificial
barriers and removal after bonding significantly increased the complexity of device
manufacturing. Another alternative approach has been to micro-contact print PDMS
oligomers to counteract plasma oxidation in selective regions [203]. In this technique
the region of surface that contacted with the PDMS stamp received a thin layer of
oxidized oligomers rendering it more hydrophobic. Although this technique has proven
effective for large-scale integration of normally-closed valves, it presents a reasonable
challenge for the alignment during stamping when the valves are relatively small.
In this chapter, the integration of normally-closed microvalves into the platform for
individual zoospore trapping and germinated germ tube force measurement is demon-
strated. This addressed the issue of germ tubes growing backwards to the zoospore
loading channel by improving the seal with the normally-closed valves at the entrance
of measurement channels. Furthermore, the independent control of microvalves was
added to limit the number of zoospores collected in each trap site, a measure which
increased the throughput of force sensing on single germ tubes in each platform. In the
process, the size of the normally-closed valves was optimized for use on the platform,
complete closure and independent control of microvalves were verified using micro-
spheres, and the flow characteristics in various conditions of microvalve operation
were characterized.
5.2 Materials and methods
5.2.1 Platform design and working mechanism
The platform consisted of a gas layer and a fluidic layer, separated by a PDMS mem-
brane, which is similar to the membrane microvalve platform described in chapter
4. Instead of a large single valve chamber, the gas layer for normally-closed valves
contained six 100 µm high air chambers forming the pneumatic membrane valves
for each measurement channel. Depending on the device version, these air chambers
could either be controlled simultaneously, via a single gas inlet, or individually, via
six separate gas inlets. Apart from the zoospore trapping constriction structure and
the force sensing micropillar, a valve seat was also added on the fluidic layer in the
entrance of the parallel measurement channels for membrane valve closure. Based on
the results shown in the previous chapter, horizontal-only constrictions were used in
this design. Measurement channels were connected with a zoospore loading channel
on one side and a media supply channel on the other side, both 60 µm in width and
30 µm in height.
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A schematic illustration of the platform for zoospore capture and maintenance incor-
porating normally-closed valves is shown in Figures 5.1(a & b). A series of zoospores
were introduced from the zoospore inlet and hydrodynamically trapped by the constric-
tion structures. The membrane valve was then closed and the media was continuously
supplied from the media inlet. However, as opposed to the driving principle of previ-
Figure 5.1: Schematic diagram of the monolithic platform for zoospore capture and
culture integrated with normally-closed pneumatic microvalves. Channel design of
the gas layer (gray), fluidic layer (blue), and cross-sections through A-A’ showing the
working principle of a microvalve while introducing (a) and culturing the zoospores (b).
(c) Design of the membrane microvalves located in the entrance of each measurement
channel with parameters shown as defined.
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ous normally-open membrane valve, the normally-closed microvalves now performed
opening and complete closure by applying a vacuum and injecting compressed air into
the air chambers, respectively.
The width and height of measurement channels, the diameter and height of micropil-
lars, and the width of constrictions and valve seats were set to 25, 30, 5, 25, 10 and
20 µm, respectively. In particular, the width of valve seat was set to 20 µm in order
to prevent microspheres from sticking onto the top of the valve seat. In addition,
the wider seat also provided more reliable sealing when the microvalve was closed.
During testing, a series of size combinations of microvalve air chambers, including air
chamber length (A), width (B), and distance from the constriction structure (C) were
designed to optimize the microvalves for this particular application (see Fig. 5.1(c)
and Table 5.1).
Table 5.1: Air chamber sizes of normally-closed membrane valves included for testing.
Air chamber length, Air chamber width, Distance from constriction,
A (µm) B (µm) C (µm)
60, 100 100 20
140, 180, 220 120 30
140, 180, 220 Same as for A 30
5.2.2 Fabrication of entire PDMS platform
Both gas and fluidic layers of the platform were fabricated by PDMS casting from
photoresist masters. For the gas layer photoresist master, standard photolithography
processing was utilized. A 4 inch chrome-on-glass photomask with the gas layer
pattern was firstly prepared using the pattern generator µPG101. A 4 inch silicon
wafer was pre-cleaned by dehydration for 2 hours in a 185 °C oven and oxygen plasma
(100 W, 10 min). It was then coated with negative dry-film photoresist, SUEX 100
(thickness 100 µm, DJ Microlaminates [204]), and soft-baked for 15 min on a 65 °C
hotplate. The photoresist was exposed with an exposure dose of 900 mJ/cm² in low
vacuum contact mode with a short wavelength filter (PL-360, Chroma), and post-
exposure baked using a ramped process of 65 °C for 5 min and 95 °C for 10 min. The
master mold of the gas layer was completed by development in PGMEA, rinsing with
IPA and drying by N2, followed by a hard-bake at 150 °C for 1 hour.
The two-layer photoresist master of the fluidic layer was fabricated according to the
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protocol described in Section 3.2.1. Briefly, a dry-film negative photoresist ADEX05
was laminated on a pre-cleaned 4 inch silicon wafer and exposed using the first layer
photomask at an exposure dose of 170 mJ/cm² in low vacuum contact mode with the
short wavelength filter. After a ramped post-exposure bake, the wafer was developed
in cyclohexanone for 5 min, rinsed with IPA and dried using N2. Then, a positive
photoresist (AZ 40XT) was spin-coated onto the first layer at a speed of 2000 rpm,
edge-bead removed and soft-baked for 3 min at 126 °C. The wafer was exposed again
with the second layer photomask at an exposure dose of 250 mJ/cm² and post-exposure
baked at 105 °C for 80 s. The master mold for the fluidic layer was completed by
development in AZ 326MIF for 3 min, rinsing with DI water, and drying with N2.
The photoresist masters of the gas and fluidic layers were treated with TFOCS in a
desiccator for 30 min before PDMS casting. Pre-mixed PDMS (10:1 w/w) was poured
onto the molds, degassed, and baked at 80 °C for 2 hours. The PDMS chips were
carefully peeled off from the masters. Meanwhile, the elastic membrane was produced
on another silicon wafer. In brief, a pre-cleaned wafer was treated by vapour-coating
with TFOCS in a desiccator for 30 min. Pre-mixed and degassed PDMS (10:1 w/w)
was then spin-coated onto the wafer at 3000 rpm for 30 s by the spin-coater (WS-650,
Laurell), and cured by baking on a hotplate for 2 hours at 80 °C.
The photomask, photoresist master and PDMS chip for the gas layer with various air
chamber sizes, and two photomasks for the fluidic layer are shown in Appendix C.1.
The photomask for the first negative photoresist layer contained the measurement chan-
nel outlines and valve seats, while the second layer photomask for positive photoresist
contained the opposite chrome patterns of the first layer with the addition of the force
sensing micropillar. The completed two-layer photoresist master, made of negative
(ADEX05) and positive (AZ 40XT) photoresist using the masks mentioned above, and
the corresponding fabricated PDMS fluidic chip are shown in Fig. 5.2. As shown in
Fig. 5.2(g), micropillars were measured as 23 µm in height using a 3D profilometer
(Profilm3D, Filmetrics), while the measurement channels were on average 29 µm
deep.
The gas layer and PDMS membrane were bonded by oxygen plasma as described
in Section 4.2.2. After manually punching the gas inlet port using a 1 mm diameter
biopsy punch, the gas layer was bonded to the PDMS membrane, still attached to
the silicon wafer, by oxygen plasma (100 W, 30 s) and heated for 2 hours at 80 °C.
Following this, the bonded structure including the PDMS membrane was carefully
peeled off from the wafer and the zoospore and media inlets/outlets ports manually
punched using the same sized biopsy punch. Finally, the fluidic layer and membrane
with gas layer were both plasma-treated again (O2, 100 W, 30 s), visually aligned and
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Figure 5.2: Light micrographs of fabricated photoresist master and PDMS chip for
the fluidic layer. (a),(c) and (e) The master wafer and detailed view of the valve seat,
constriction structure and micropillar cavity. (b),(d) and (f) The PDMS fluidic chip
and corresponding details. (g) Height measurement of the PDMS chip using 3D pro-
filometry, showing the valve seat, trap constriction and force measurement micropillar.
As indicated, the top of the monolithically integrated micropillar terminates 5 µm
below the channel height.
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bonded together.
As mentioned in the previous Section 5.1, various methods have been developed to
prevent the PDMS membrane from permanently attaching to the valve seat. Most of
these require additional treatments of chip surfaces or optimization of plasma bonding
conditions [200]. In order to not further complicate the fabrication processes, vacuum
pressure was instead applied to the sealed gas layer during the alignment, bonding and
baking processes [205, 206]. This vacuum was held throughout the whole process and
prevented the valve membranes from contacting their respective valve seats while the
surfaces of both layers were oxygen-activated. To achieve this, firstly a vacuum test
of bonded gas layer and PDMS membrane was implemented before bringing them
in contact with the fluidic chip. The gas inlet port was connected to blunt end 90
degree bent tip needles (18 gauge), Teflon tube and then a vacuum pump (Anest Iwata
Sparmax Co., Ltd.).
Initially, a vacuum weakening (decreased light reflection of membrane) was observed
in the microvalve air chambers and connecting channel after vacuum pressure was
applied for 3 seconds, as shown in Fig. 5.3(c & d), along with the gas inlet port
becoming blocked by the deflected PDMS membrane. This was solved by adding
two micropillars (100 µm in diameter and 100 µm in height) in the gas inlet port
to support the membrane during vacuum application where the port merged into the
connecting channel (see Fig. 5.3(e & f)). Moreover, a wide range (from 0 to 0.8 bar)
of vacuum pressures were tested to obtain the minimum pressure required to pull the
membrane up and form an arch over the valve seat (see Fig. 5.4). The light reflection
from the arched membrane initially increased along with increasing vacuum pressure,
but changed little beyond -0.6 bar. This indicated that -0.6 bar was the minimum
pressure required to fully open the valve.
After initial pressure testing, a customized PDMS aligner, described in Section 4.2.2,
was utilized to assemble the gas and fluidic layers. Both the fluidic layer and membrane
with the gas layer were first plasma-treated (O2, 100 W, 30 s) before alignment. Then
the gas layer with membrane was attached the top holder and connected to a blunt end
90 degree bent needle tip (18 gauge), Teflon tube and the vacuum pump, as shown
in Fig. 5.5. It was aligned and brought into contact with the fluidic layer sitting on
the XY stage under the microscope while the vacuum was continuously applied to the
gas layer. The two layers were irreversibly bonded after being baked for 2 hours at
80 °C with the vacuum on. Figure 5.6 (a & b) show the results of the driving tests of
the normally-closed valves, indicating that the PDMS membrane could successfully
be pulled up towards the air chamber immediately after bond baking. However, after
releasing the membrane 17 hours after bonding, it was found to repeatedly and perma-
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Figure 5.3: Light micrographs showing the vacuum problem of gas layer bonded with
PDMS membrane under the vacuum pressure of 0.8 bar. (a & c) Air chambers and their
connection channel lost the vacuum after vacuum pressure was applied for 3 seconds.
(b & d) The gas inlet port was blocked after vacuum was applied for 3 seconds. (e &
f) Air chambers and improved gas inlet port after vacuum pressure was applied for 3
seconds. Scale bar is 50 µm.
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Figure 5.4: Light micrographs of the gas layer attached with membrane while vacuum
pressure was applied by a vacuum pump. The image sequence shows pressures of
0, -0.2, -0.4, -0.6, -0.8 bars (a - e) with increasing light reflection indicting larger
deflection into the valve chamber in the gas layer. Note: the fluid layer was not attached
for this experiment.
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Figure 5.5: Alignment and bonding processes of the fluidic layer and gas layer attached
with membrane. (a) Photograph of the customized PDMS aligner and setup. (b &
c) Light micrographs of the gas layer before and after bonding onto the fluidic layer.
(d) Light micrographs of the bonded chip after 2 hour bake. Note: Light reflection
indicates that vacuum was continuously applied during the process, keeping the
membrane lifted off the valve seat.
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Figure 5.6: Light micrographs showing the microvalve driving test of the assembled
platform under negative pressure of -0.6 bar. (a & b) Applied vacuum to the gas
layer 0 and 17 hours after the bonding bake at 80 °C for 2 hours. (c & d) Before
and after applying vacuum to the microvalves 17 hours after the bonding bake. Red
food colouring was injected from the zoospore inlet to better visualize the flow in the
measurement channels. No flow into the measurement channels could be observed
even after applying -0.6 bar of opening pressure to the valves. (e & f) Application of
vacuum to the gas layer 0 and 17 hours after increasing the bonding bake at 80 °C to
6 hours. (g & h) Obstruction of flow into the measurement channels before and after
applying a vacuum to the microvalves that were long-term baked. In both the 2 hour
and 6 hour bake cases, no valve opening could be observed, indicating accidental
bonding of the membrane to the valve seat.
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nently attach to the valve seats. Red food colouring was injected from zoospore inlet to
better visualize flow before and after the microvalves were opened. This demonstrated
that no flow entered the measurement channels even while the vacuum was applied,
most likely because the surface effects of plasma oxidation still remained well beyond
the 2 hour bake. As a result, the bake time after bonding was increased up to 6 hours
to try to reduce the induced hydrophilicity of the PDMS membrane and fluidic chip
surfaces. However, the same result of the membrane bonding with the valve seats
after 17 hours was observed. This was again despite the membrane being able to
be pulled upward into the air chamber by the negative pressure immediately after
baking (see Fig. 5.6(e - h)). Therefore, the assembly process was further modified
and methanol or DI water were injected into the fluidic layer through the zoospore
inlet before stopping the vacuum application. This was done to prevent the PDMS
membrane from contacting with the valve seats [207]. After keeping each liquid in the
platform overnight, the microvalves of both platforms were verified to open properly
while the vacuum was applied (see Fig. 5.7). Compared with the platform filled with
methanol, fewer remnants were observed in the measurement channels of the one with
DI water overnight (see Fig. 5.7(b & f)). Thus, DI water was used to fill the platform
during the following chip assembly.
While successful, this approach presented a new issue in that the force sensing mi-
cropillars in the measurement channels could collapse towards the side walls of the
channels after the fluidic chip dried out (see Appendix C.2). Given the randomness
of the collapsing direction, surface tension effects during the drying process were
considered to be the most likely cause for this [208]. To overcome this final issue, the
platform was stored with DI water filling in the fluidic layer until further experiments
were to be performed. Figure 5.8 shows the final assembled PDMS platform mounted
on a slide glass. Blue and red epoxy dyes (Sudan dye, Sigma-Aldrich) were loaded
into the platform and cured, following the procedures described by Soffe et al. [209],
to visualize the fluidic and gas layers, respectively.
After a reliable manufacturing and layer assembly process had been established, the de-
sign of the gas layer had to be optimized to achieve individual control of the membrane
valves for each measurement channel and thus avoid the capture of multiple zoospores
in the same trap-site. Rather than converging at a single inlet, the air chamber of
each valve was connected via a separated gas port (see Appendix C.3). Accordingly,
the setup of the PDMS layer alignment and bonding process was adapted, including
enlarging the space for connecting the vacuum tubing on the glass top layer holder and
addition of a manifold (see Fig. 5.9). The manifold (P-191, IDEX Health Science)
enabled 9 separate gas ports to be connected to the vacuum, and thus valve membranes
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Figure 5.7: Light micrographs showing the microvalve driving test of the assembled
platform filling with methanol or DI water. (a) A vacuum was applied to the gas
layer after the bonding bake at 80 °C for 2 hours. (b) The fluidic layer was filled with
methanol and kept overnight. (c & d) Prior to and after application of a vacuum to
the microvalves. Red food colouring was injected from the zoospore inlet to better
visualize the flow in the measurement channels. (e - h) The same processes as in (a -
d) but the fluidic layer was filled with DI water. In both methanol and DI water cases,
the microvalves of both platforms were shown to open properly.
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Figure 5.8: An assembled platform containing the two active layers separated by the
PDMS membrane. (a) Photograph of whole platform sitting on a slide glass and filled
with blue (fluidic layer) and red (gas layer) dye. (b & c) Light micrographs showing
details of the platform with various air chamber sizes.
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Figure 5.9: Alignment and bonding processes for the PDMS membrane attached
to the gas layer and the fluidic layer. (a & b) Photographs of the adapted setup for
the separated gas inlets while aligning, bonding two PDMS layers, and baking the
assembled platform on a hotplate. (c) Light micrograph of the bonded PDMS chips
under vacuum.
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retracted at the same time during assembly. Figure 5.10 shows the final assembled
PDMS platform incorporating six measurement channels, each with individual valve
control, sitting on a slide glass. Different epoxy dye colours were used to visualize
separated air chambers and their respective gas inlets, while blue colour illustrates
the fluidic channels including each measurement channel. The following section will
present results of the valve size optimization, individual valve operation for trapping
and fluid flow characterization of the platform.
Figure 5.10: An assembled PDMS platform with separate gas inlets for each of the
six valves. (a) Photograph of whole platform sitting on a slide glass and filled with
different colour epoxy dyes for individual valve air chambers and blue for the liquid
channels. (b & c) Light micrographs of detailed views of the six measurement channels
and individually-addressed compartmentalization valves.
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5.3 Experimental results and discussion
5.3.1 Optimization of the air chamber of normally-closed micro-
valves
Since current normally-closed microvalves are typically utilized for either transporta-
tion of chemicals or, at the other extreme, clusters of cells, their sizes are either too
big for single zoospore trapping, or the opening space for fluid flow is too small for
zoospores to pass the valve seats. As a result, air chamber sizes of the microvalves had
to be optimized for the handling of single zoospores, which in the case of A. bisexualis
commonly range from 8.5 to 10 µm diameter [210]. Red food colouring solution and
polystyrene microspheres (UVPMS-BG-1.00, 10 - 20 µm in diameter, Cospheric LLC)
suspended in DI water were used to optimize the air chambers of the normally-closed
membrane valves. Platforms with various sized air chambers, described in Table 5.1,
were tested with those to determine whether the valve could be opened by negative
pressure, fully closed by positive pressure, and whether the opening space of the fluidic
channel was large enough for zoospores to pass through. The experimental setup for
the valve driving testing was similar to that mentioned in Section 4.2.4. The zoospore
inlet was connected to a 1 mL syringe driven by the syringe pump to introduce the
samples into the platform. The pressure controller OB1 MK3+ was utilized not only
to provide vacuum and positive pressure to drive the membrane valves via the joint
gas port configuration, but also to supply the media at a continuous and constant flow
rate from media inlet.
Firstly, the microvalves were shut by applying positive pressure (1.0 bar, maximum
pressure for the available OB1) from the gas inlet. The red colouring or DI water
with microspheres were then pumped into the fluidic layer of the platform from the
zoospore inlet at a flow rate of 10 µL/min and the behaviour of microvalves of different
air chamber sizes was observed while vacuum (-1.0 bar, maximum negative pressure
for this OB1) pressure was applied. No light reflection of the PDMS membrane in the
air chamber was observed, while the chamber length (A) was 60 µm (see Fig. 5.11(a)),
which indicated that this air chamber was too narrow for the PDMS membrane to
deform. Figures 5.11(b & c) illustrate however that the microvalves with A = 100 µm
could successfully be opened after applying vacuum to the air chambers. This was
verified via the red food colouring now being able to flow through the valves into
the previously closed-off measurement channels. However, in this configuration the
flow path between PDMS membrane and top of the valve seat was too small for
microspheres to pass through, as shown by microspheres being stopped by the valve
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Figure 5.11: Membrane valve driving test A. (a) Light micrographs of the gas layer
bonded with PDMS membrane not under a vacuum or under vacuum of -1.0 bar, while
the air chamber lengths were 60 and 100 µm. (b) Light micrographs of the platform
with 100 µm long air chamber, before (left) and after (right) applying vacuum to the
gas layer (-1.0 bar). The red colouring was injected from the zoospore inlet before the
test. (c) Light micrographs showing microspheres being stopped before the valve seat
on the 100 µm air chamber platform while the microvalves were open.
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Figure 5.12: Membrane valve driving test B, in which the sizes of air chambers were
140 µm in length, 120 (channel No. 2) and 140 µm (channel No. 3) in width. (a-d)
Light micrographs of microvalves under positive pressure of 1.0 bar, and negative
pressure of -0.1, -0.5, -1.0 bar, respectively, while pumping the red coloured solution
from the zoospore inlet. (e) Light micrograph of the microvalve completely closed
under positive pressure of 1.0 bar. (f) Light micrograph showing the introduction of
microsphere solution under negative pressure of -1.0 bar. Microspheres became stuck
before the valve seats due to the insufficient valve membrane deflection.
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seats. Similar results were obtained while the air chamber sizes were set at 140 µm in
length, 120 and 140 µm in width, channel No.2 and No.3 in Fig. 5.12, respectively.
In the latter design, the opening area (area filled with red food colouring below the
air chamber) of the microvalves was observably larger. Moreover, the red colour
became visibly darker while applied negative pressure increased from -0.1 to -1.0 bar,
suggesting that the gap between the membrane and the top of valve seat became larger
with the increase of applied negative pressure.
Figure 5.13 shows an example of microspheres successfully flowing over the valve
seats and being captured by the constriction structure for air chambers that were
180 µm long. Occasionally, microspheres got stuck in the space between the PDMS
membrane and the fluidic layer, rather than flowing along the channel into the trap
site (see Fig. 5.13(f), channel No.6, for which chamber width was 180 µm). This
indicated that a wider air chamber, while improving flow-through, also raised the risk
that microspheres would become stuck in the valve structure instead of entering the
measurement channel. This trend continued when even bigger air chamber microvalves
were tested (see Fig. 5.14). Microspheres were able to flow through the microvalves,
but the number of microspheres flowing into the measurement channels was less than
for other channels, probably due to the lower flow rate for the bigger air chambers.
Therefore, the air chamber design with a length of 180 µm and a width of 120 µm
was utilized in all further experiments.
Finally, microvalve closure tests were conducted by injecting blue food colouring from
the zoospore inlet or media inlet, respectively, while a positive pressure of 1.0 bar was
applied. For this the microvalves were firstly opened and red food colouring was filled
into the whole platform (see Fig. 5.15 (a)). Then the microvalves were completely
closed using a positive pressure of 1.0 bar and the blue food colouring was pumped
in from the zoospore inlet (see Figs. 5.15 (b - d)). No leakage of the microvalves
was observed. This was confirmed by the zoospore loading channel turning blue,
while the rest part of the platform remained red and the valve seat clear of colour.
Furthermore, the blue colouring entered the measurement channels from the bottom
channel by diffusion only, while it was injected from the media inlet (see Figs. 5.15 (e
- f)). Using this process, each measurement channel could be turned from red to blue
synchronously and completely within around 1 hour, with the perfused media supply
channel acting as an infinite diffusion source for each channel. While food colouring
was used for this experiment, the dynamics indicate that measurement channels should
be able to be equilibrated by diffusion with fresh media within a similar time-scale.
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Figure 5.13: Membrane valve driving test C, which the sizes of air chambers were
180 µm in length, and 120 (channel No. 5) and 180 µm (channel No. 6) in width.
(a-d) Light micrographs of microvalves under positive pressure of 1.0 bar, and negative
pressure of -0.1, -0.5, -1.0 bar, respectively, while pumping the red coloured solution
from the zoospore inlet. (e) Light micrograph of the microvalve completely closed
under positive pressure of 1.0 bar. (f) Light micrograph showing the introduction of
microsphere solution under negative pressure of -1.0 bar. Microspheres successfully
flowed over the valve seat and became trapped by the constrictions.
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Figure 5.14: Membrane valve driving test D, which the sizes of air chambers were
220 µm in length, and 120 (channel No. 8) and 220 µm (channel No. 9) in width.
(a-d) Light micrographs of microvalves under positive pressure of 1.0 bar, and negative
pressure of -0.1, -0.5, -1.0 bar, respectively, while pumping the red coloured solution
from zoospore inlet. (e) Light micrograph of the microvalve completely closed
under positive pressure of 1.0 bar. (f) Light micrograph showing the introduction of
microsphere solution under negative pressure of -1.0 bar. Microspheres successfully
flowed over the valve seat and became trapped by the constrictions.
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Figure 5.15: Membrane valve closure test. (a - d) Light micrographs showing mi-
crovalves open, completely closed, and blue colouring injected from zoospore inlet to
demonstrate compartmentalization. (e - h) Light micrographs showing the blue food
colouring diffusing into the measurement channels and replacing the red colour, while
blue was pumped through the media channel with microvalves completely closed.
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5.3.2 Adapted experimental setup and verification of experimen-
tal procedure using independently controlled microvalves
Individual control of normally-closed microvalves was achieved using the setup de-
picted in Figure 5.16. A flow switch matrix (MUX QUAKE VALVE, Elveflow) was
introduced between the pressure controller OB1 and gas inlet ports to operate indi-
vidual microvalves in three states, including fully open (negative pressure = -1.0 bar),
Figure 5.16: Experimental setup for individual microvalve control. (a) Photograph
of the setup including a syringe pump for sample injection, microscope with digital
camera, a flow sensor, pressure controller for microvalve driving and media supplement,
and flow switch matrix for individual microvalve control. (b) Schematic diagram
showing the connection of each part. A flow switch matrix was added to achieve
independent control of separate microvalves. (c) Photograph of the platform sitting on
the microscope, with the inlet and outlet ports connected with tubing.
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partially closed (pressure = 0 bar), and completely closed (positive pressure = 1.0 bar).
Blunt-end 90 degree bent needle tips (18 gauge) and silicone tubes were utilized
to connect inlet and outlet ports to the other equipment to optimize available space
between each port. It is important to note that efficient use of external fluid and gas
interfaces becomes increasingly important on devices with multiple measurement
channels, such as the six side-by-side gas inlets required to control the current plat-
form. This problem is not new or unique to this particular platform [211] though and
high-density microfluidic interfacing approaches continue to evolve [212–215].
Similar as in the previous experimental setup, the media inlet was connected to a
flow sensor, then a 5 mL reservoir filled with media and pressure controller OB1 to
provide constant and continuous flow of media during zoospores culture. The entire
experiments were observed and recorded using the inverted microscope TS100 and
attached digital colour camera.
The performance of the separately controlled membrane valves was tested using 20 µm
diameter microspheres suspended in DI water coloured with food dye to simulate
and visualize zoospore media. The microsphere solution was firstly injected from the
zoospore inlet by the syringe pump at a flow rate of 10 µL/min while all of the mi-
crovalves were fully open. For this the pressure applied by OB1 was set to -1.0 bar and
all switches of MUX were set to ON in the Elveflow software suite. In the particular
example, a single microsphere flowed along the zoospore loading channel, passing
over the valve seat and was eventually trapped by the constriction structure as intended
(see Fig. 5.17(b), channel No. 2). Then, to demonstrate compartmentalization and
retention, only the microvalve of channel No.2 was partially closed and the rest of the
valves on the platform were kept open. This was achieved by first keeping the pressure
of the OB1 at -1.0 bar and then turning the switch corresponding to the particular
microvalve off, which caused the applied pressure to become 0 bar. Similarly, the
microvalve of channel No. 3 was partially closed after a microsphere was captured in
the trap-site. Since the membrane valves were not completely closed yet, a slow flow
continued to be present in the measurement channel, from top to bottom in the Fig.
5.17(f), which resulted in microspheres unceasingly flowing into the measurement
channels. However, all these microspheres were successfully stopped by the very small
opening space between PDMS membrane and top of the valve seat. This operation
was repeated until all six channels had a single microsphere captured, demonstrating
the possibility of controlled and selective compartmentalization of zoospores. Com-
pared to previously published work with conidia, valves could be closed individually,
allowing for a finer level of control without the need for resist reflow during fabrication
[109].
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Figure 5.17: Experiments on individual membrane valve closure and microsphere
capture. (a - c) Light micrographs showing all microvalves were initially open (vacuum
pressure = -1.0 bar), then the microvalve of channel No. 2 was partially closed (pressure
= 0 bar) after a microsphere was captured in the trap site of the channel. (d & e) Light
micrographs showing another microsphere trapped in measurement channel No. 3,
after which the corresponding microvalve was partially closed. (f) Light micrograph
showing that microspheres kept flowing into the measurement channels due to the
slow flow rate in the channel, but these were stopped by the valve seat.
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After microsphere compartmentalization, the sample introduction was stopped and
microsphere- and colour-free DI water as media analogue was pumped into the plat-
form at a flow rate of 5 µL/min via the media channel inlet. This allowed unwanted
microspheres located before the valve seats to be flushed away and out of the platform
via the zoospore loading channel outlet (see Fig. 5.18(b)). While some of the trapped
microspheres moved towards the valve seat during this process, these were successfully
retained by the partially closed microvalves. The whole platform became clear, from
bottom to top as shown in Fig. 5.18(e), indicating that the media exchange was com-
pleted successfully without loss of any of the compartmentalized zoospores. Besides
clearing the platform of unwanted zoospores, this process also synchronizes the media
conditions in all the six media channels, which may become de-synchronized due
to the sequential nature of zoospore loading and subsequent consumption of media
components [216]. Finally, the pressure of OB1 was set to 1.0 bar, and all switches of
the MUX were set back to ON to make the membrane valves completely close. Then,
DI water with red food colouring was injected again from the zoospore inlet. Only
the zoospore loading channel became red and the rest of the platform remained clear,
demonstrating that there was no leakage through the microvalves while they were in
the fully-closed state brought about by application of positive pressure.
5.3.3 Flow characteristics of the platform integrated with individ-
ual control of normally-closed microvalves.
Biological microorganisms, such as bacteria [217, 218], conidia [219] and zoospores
[220, 221], are inherently susceptible to mechanical interactions and may change their
morphology or behaviour in response to external inputs [222, 223]. Fluid flow and
resulting shear stresses constitute one such potential interaction [224, 225] and it is
thus important to characterize what conditions microorganisms may be exposed to on
the platform described in this work. Due to the nature of the platform design using
hydrodynamic traps, zoospores on the platform are only really exposed to convective
flow and shear during the loading process. Once trapped and synchronized behind
the closed valves, media exchange to the zoospores is by diffusion only, removing
any potential flow effects. Thus, flow rates on the platform were characterized using
external flow sensors during the loading procedure and as a function of valve actuation,
as shown in Table 5.2.
The experimental setup for this flow characterization was similar as that described
in previous Section 5.3.2. Three flow sensors (MFS, Elveflow) were added to the
zoospore inlet and outlet, and media outlet each and connected with a sensor reader
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Figure 5.18: Experiments on media exchange and membrane valve complete closure.
(a - c) Light micrographs showing the DI water pumped from the media inlet, while
the pressure of all the microvalves was 0 bar. The microsphere before the valve seat
in channel No. 3 could be flushed out of the channel and the one captured in the
trap site moved but remained trapped by the partially closed microvalve. (d & e)
Light micrographs showing the red colour in the measurement channels fading from
the bottom channel to the zoospore loading channel until the whole platform was
filled with clear DI water. (f) Light micrograph showing the membrane valves were
completely closed by a positive pressure of 1.0 bar. Red colouring was pumped in again
from the zoospore inlet to verify that there was no leakage through the microvalves.
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Table 5.2: Operational processes of flow characteristics tests on the platform with
independently-controlled, normally-closed microvalves.
Test Stage
Pressure applied Flow switch Resulting membrane
via OB1 (bar) matrix MUX valve status
A
I - III -1.0 ⇒ 0 ⇒ +1.0 All*, ON All, FO ⇒ PC ⇒ CC**
IV - VI +1.0 ⇒ 0 ⇒ -1.0 All, ON All, CC ⇒ PC ⇒ FO
B
I - III -1.0 ⇒ 0 ⇒ +1.0 No.1*, ON No.1, FO ⇒ PC ⇒ CC
IV - VI +1.0 ⇒ 0 ⇒ -1.0 No.6, ON No.6, CC ⇒ PC ⇒ FO
C
I -1.0 All, ON ⇒ No.1-6*, OFF All, FO ⇒ No.1-6*, PC
II +1.0 No.1-6, ON No.1-6, CC
III -1.0 All, ON ⇒ No.6-1*, OFF All, FO ⇒ No.6-1, PC
IV +1.0 No.6-1, ON No.6-1, CC
D
I -1.0 All, ON ⇒ No.1-6, OFF All, FO ⇒ No.1-6, PC
II +1.0 All, ON All, CC
* All: All six switches and membrane microvalves operated simultaneously;
No.1 or 6: Only switch No.1 or 6 were set to ON. Others were set to OFF and corresponding microvalves
were kept partially closed;
No.1-6: Switch and corresponding microvalve operated in the sequence from No.1 to No.6;
No.6-1: Switch and corresponding microvalve operated in the sequence from No.6 to No.1
** FO: Fully opened; PC: Partially closed; CC: Completely closed
(MSR, Elveflow) to record the real-time flow rate of each inlet and outlet using the
Elveflow software suite. During the test, DI water was continuously pumped into the
platform from the zoospore inlet via a syringe pump at the flow rate of 5 µL/min.
Figure 5.19 shows the flow chart of the first flow characteristics test (A) on the
normally-closed microvalve platform. During the experiment, all six switches of the
flow switch matrix MUX were set to ON. As a result, six membrane valves were fully
opened (vacuum pressure applied = -1.0 bar, (I)) at first, then simultaneously changed
to be partially closed (pressure = 0 bar, (II)) and then completely closed (positive
pressure applied = +1.0 bar, (III)). Following this, the test was repeated in reverse
order (IV - VI). The flow rates of zoospore inlet (Zoo.In, yellow line), zoospore outlet
(Zoo.Out, gray line) and media outlet (Med.Out, red line) are plotted as a function of
time in Fig. 5.20, together with the pressure applied via the OB1.
As can be observed in Fig. 5.20(a), the flow rates of zoospore and media outlets
were almost the same, around 2.5 µL/min, while all the membrane valves were fully
opened (stage I). This was expected, as the fluidic resistance of the two flow paths is
comparable in the first approximation when all valves were open, as shown in Appendix
C.4. The flow rate of the media outlet decreased slightly after all the microvalves were
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Figure 5.19: Light micrographs of flow characteristics test A. (I - III) All of the six
membrane valves were fully opened (vacuum pressure = -1.0 bar), then simultaneously
switched to partially-closed (pressure = 0 bar) and completely-closed at last (positive
pressure = +1.0 bar). (IV - VI) In reverse order, firstly all of the microvalves were
completely closed, then shifted to partially-closed and finally fully opened.
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Figure 5.20: Plot of flow characteristics test A. The blue line represents the pressure
applied via the pressure controller OB1. The yellow, gray and red lines are the flow
rate measured at the zoospore inlet, outlet and media outlet, respectively using the
flow sensors. Each stage from (I) to (VI) corresponds to the micrographs shown in Fig.
5.19.
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partially closed (stage II). Again, this observation can be explained with an increase in
flow resistance in the measurement channels when valves are partially closed, as this
flow path only affects the media outlet. Lastly, flow through the media outlet suddenly
dropped to zero while all of the valves were completely closed (stage III), a state
which, from a flow resistance point of view, renders the media channel connection
through the measurement channels and valves open circuit and thus infinite resistance.
All the while, the flow rate of the zoospore outlet behaved inversely to this, meaning it
increased up to the equivalent, but opposite, flow rate of the zoospore inlet. Almost
identical results (see Fig. 5.20(b)) were obtained when all the microvalves were run
in the opposite sequence of complete closure, partial closure and then full opening.
As before, flow rate changes in both zoospore and media outlets were observed while
all the membrane valves were simultaneously switched between the states of partially
closed and completely closed.
A difference in flow rate distribution was observed between partially-closed stages
II and V, which technically represent the same valve state, but were obtained with
differing starting conditions [206, 226]. In brief, the results clearly showed that, in the
partially closed state (0 bar pressure) the flow rate distribution through the two flow
paths became dependent on whether flow through the valves was already established
(II) or previously not present (V). This is most likely due to removal of negative
pressure from open to partially-closed state not providing enough closing force against
the hydrodynamic pressure of the established flow in state II, together with adhesion
and detachment of the membrane from the valve seat [206]. As such, the media outlet
flow rate only marginally decreased compared to the zoospore outlet, a result not very
representative of this partially-closed state. In state V no flow through the valves was
present to start with, so it can be speculated that the membrane does not open as much
upon removal of positive pressure, leading to the observed smaller flow out the media
outlet and more accurate depiction of the “logic” state the valve is in.
Having demonstrated the suitability of external flow sensors for characterization of
platform internal flows, the next test B was implemented to find out the effects of
single microvalve on/off switching. Only one switch (channel No. 1 in stage I - III,
and channel No. 6 in stage IV - VI) of the MUX was set to ON, which resulted in
the other five microvalves being kept partially closed during the experiments (see
Appendix C.5). As for test A, the single microvalve was fully opened (pressure =
-1.0 bar, I and IV), turned to be partially closed (pressure = 0 bar, II and V) and finally
completely closed (pressure = +1.0 bar, III and VI). The results of the flow rate plot,
shown in Appendix C.5, confirmed that the sensors attached to each outlet had enough
resolution to visualize individual valve closing events. The flow rate of the media outlet
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decreased by 0.26 or 0.46 µL/min when a single microvalve was switched between
open, partially or completely closed. Moreover, no significant difference of flow rate
change was found between the tests on channel No. 1 and No. 6, suggesting that the
position of the operated microvalve does not affect the flow rate of the entire platform.
Again, this outcome was expected when a simple flow resistance model was applied to
the platform. Within the limit of sensor resolution, this experiment also confirmed that
separate valves could be approximated by a common resistance, as dimensional errors
introduced during manufacturing influenced flow resistance negligibly.
In test C, the flow characteristics were tested while the membrane valves were partially
and completely closed in sequence. In detail, all six microvalves were first fully
opened with the negative pressure supplied by OB1 equal to -1.0 bar and all switches
of MUX turned on. Then, the latter switches were turned off one-by-one starting from
channel No.1 to No.6, one channel every 20 seconds. This resulted in the pressure
of corresponding air chambers reducing to 0 bar, and microvalves becoming partially
closed (stage I, as shown in Fig. 5.21). In the next stage II, the pressure applied by OB1
was increased to +1.0 bar and switches were turned on in the same order (from channel
No.1 to No.6), resulting in the complete closure of the corresponding microvalves, one
channel every 20 seconds. Similarly, six microvalves were partially closed and then
completely closed in the reverse order (from channel No.6 to No.1, stage III and IV, as
shown in Appendix C.6) every 20 seconds. Figure 5.22(a) and Appendix C.6 show the
plots of the flow rate of zoospore inlet/outlet and media inlet as a function of time. The
difference between the flow rate of the zoospore outlet and that of the media outlet
increased gradually while the microvalves were partially closed in sequence (stage I
and III). No jump or slump in the flow rates of zoospore or media outlet were evident
at the moment of partial closure of the microvalves. On the other hand, a stepped
increase and decrease of the flow rates in zoospore and media outlets were observed at
the moments that each microvalve was completely closed every 20 seconds (stage II
and VI), and the amplitude of both gradually increased with the increase in number of
completely closed microvalves.
In order to evaluate the shear stresses acting on trapped zoospores during loading
process, the flow rates of each measurement microchannel and fluid induced shear
stresses were calculated under the condition that a certain number (ranging from 1 to
6) of microvalves were partially closed and the rest of them were completely closed
(stage II in test C). The flow rate of each channel was calculated by dividing the flow
rate of the media outlet by the number of partially-closed microvalves. Additionally,
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Figure 5.21: Light micrographs of flow characteristics test C. (I) All membrane valves
were fully opened (vacuum pressure OB1 = -1.0 bar, all switches of MUX were
ON). The switches were then turned off in the sequence from channel No. 1 to No. 6,
resulting in the corresponding microvalves becoming partially closed (pressure = 0 bar).
(II) The pressure applied by OB1 was set to 1.0 bar and the switches were turned
on in the same order (from channel No. 1 to No. 6), resulting in the corresponding
microvalves becoming completely closed. Note: DI water was continuously pumped
from the zoospore inlet.
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Figure 5.22: Plot of flow characteristics test C. (a) Plot of flow rates of zoospore
inlet/outlet and media outlet in stage I and II. The blue line represents the pressure
applied by pressure controller OB1. The yellow, gray and red lines are the flow rate
measured at the zoospore inlet, outlet and media outlet, respectively by the flow sensor.
Stage I and II correspond to the photographs shown in Fig. 5.21. The flow rate of
zoospore inlet was set as 5 µL/min by a syringe pump. (b) Plot of average flow rates
of each measurement channel when microvalves were partially closed (blue dot) and
corresponding shear stress in each channel (orange diamond), calculated using the
flow rate of the media outlet in stage II.
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where η is the viscosity of the fluid, Q is the flow rate, h and W are the channel height
and width, respectively, when the channel length is much larger than its height and
width. The results show that, for a flow rate of 5 µL/min used to load the zoospore
solution in this experiment, the minimum flow rate of each measurement channel
reached 0.4 µL/min and the resulting shear stress was 1.4 Pa, while all six microvalves
were partially closed (see Fig. 5.22(b)). The shear stresses increased to 5.0 Pa with
decreasing number of partially-closed microvalves and corresponding increase of flow
rate in each channel up to 1.4 µL/min. Therefore, rather than completely closing
microvalves right after corresponding trap sites were occupied, the zoospores would
be exposed to less shear stresses during the loading process when microvalves were
partially closed. In comparison, the mean wall shear stress in large arteries of uniform
geometry is in the range of 2 - 4 Pa [227]. The growth of Arabidopsis thaliana
roots was shown to not be affected in the microfluidic chip with shear forces of
1 Pa [92]. Moreover, fluid shear stresses have been used to study bacteria and yeast
adhesion to materials or biological surfaces [217, 225, 228]. Li and Palecek used a flow
chamber to characterize the attachment of the model yeast Saccharomyces cerevisiae to
polystyrene surfaces [228]. It was found that the fraction of yeast remaining attached
stayed around 60 % within a shear stress of 5 Pa, and decreased linearly from 5 to
35 Pa. In summary, these results show that our system is likely to have little impact on
zoospore germination and their germling growth in terms of shear stress. Conversely,
if desired, it can be employed to study the adhesion of zoospores by simply adjusting
shear stress via the flow rate of the zoospore or media inlet.
Finally, the flow characteristics test D was conducted under the same conditions as the
practical operation of the zoospore trapping experiment to simulate and observe the
actual performance of the flow rates on the chip. In detail, DI water, as the zoospore
solution, was firstly injected from the zoospore inlet at a speed of 5 µL/min using
the syringe pump, while all of the microvalves were fully opened (vacuum pressure
applied by OB1 = -1.0 bar, all switches of MUX were set as ON). Six microvalves were
partially closed in sequence from channel No.1 to No.6 (corresponding switches were
turned off, and pressure in the air chamber became 0 bar) (stage I in Fig. 5.23), after
which the syringe pump was then stopped. This stage referred to the zoospore loading
process in practical experiments. In the plot of Fig. 5.23, the blue line represents the
pressure applied by OB1, while the other lines are the flow rates of zoospore/media
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Figure 5.23: Flow characteristics test D, simulation of the practical experiment. The
blue line represents the pressure applied by pressure controller OB1. The yellow,
green, gray and red lines are the measured flow rate at the zoospore inlet, media inlet,
zoospore outlet and media outlet, respectively. Light micrographs showing two stages
of microvalve operation. Stage I: six microvalves were partially closed from fully
open in the sequence while DI water was pumped from the zoospore inlet. Stage II: all
six microvalves were completely closed at same time after injecting DI water from the
media inlet, instead of the zoospore inlet.
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inlets and zoospore/media outlets, as recorded by the flow sensors. The flow rates
of zoospore and media outlets were stable at around 2.5 µL/min in stage I, which
was consistent with the results in test C, and fell rapidly to zero after DI water from
the zoospore inlet was stopped. After stabilization of the system (>2 min), DI water,
representing media this time, was pumped into the fluidic layer from the media inlet
at a flow rate of 5 µL/min using the pressure controller OB1. The flow rate of media
outlet increased again immediately after DI water was injected from the media inlet,
while the flow rate of the zoospore outlet started to increase around 20 s later. This
indicated that it took media less time to fill the entire chip than by the diffusion process
shown previously in Fig. 5.15. Meanwhile, the pressure applied by OB1 was changed
to 0 bar, and then increased to 1.0 bar, followed by turning on all the switches of the
MUX again, in order to completely close all the microvalves simultaneously (stage II).
This was done to prevent trapped zoospores from being exposed to increasing shear
stresses when microvalves were completely closed in sequence, as discussed in the
flow characteristics test C. The flow rate of media outlet kept increasing and stabilized
around 5 µL/min after all microvalves were completely shut off. Concurrently, the
flow rate of the zoospore outlet dropped to zero, indicating that there was no leakage
through the closed microvalve. The reason that the flow rate of the zoospore inlet
(yellow line) remained around 2 µL/min after stopping of the syringe pump was
attributed to the measurement range of the flow sensor used (MFS3, 2 to 80 µL/min).
Evident noise detected for dozens of seconds from media injection coincided with the
point at which the media inlet was opened by turning on a two-way valve.
5.4 Conclusion
The development, fabrication and characterization of a triple-layer PDMS-based
platform employing normally-closed microvalves for single zoospore capture, com-
partmentalization, germination and force sensing were shown in this chapter. The
device constitutes the first integration of six individually controlled normally-closed
microvalves with corresponding force measurement channels, each containing a valve-
seat, trap-site with constriction structure and a free-bending force sensing micropillar.
Notably, new protocols were developed for chip assembly to avoid the PDMS mem-
brane bonding with the valve-seats in the measurement channels of the fluidic layer.
Furthermore, sizes of normally-closed microvalves were optimized to 180 µm in length
and 120 µm in width for single zoospore transportation and experimentally demon-
strated using food coloring and 20 µm diameter microspheres. Microvalve operation
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and flow rates at inlets/outlets were characterized in three operating states, including
fully open microvalves at the pressure of -1.0 bar; partially-closed at the pressure of
0 bar, and completely-closed at the pressure of +1.0 bar. The results indicated that the
measurement channels could be fully isolated during complete closure, and there were
no significant changes of flow rates while the microvalves were partially closed. The
shear stresses on the microspheres during the loading process were shown to reach
a minimum of 1.4 Pa when all the microvalves were partially closed, compared to if
they were completely closed. In the next chapter, the applicability of the optimized
platform will be investigated using zoospores of oomycete A. bisexualis.

Chapter 6
Application of a Normally-closed
Valve Platform on A. bisexualis
Zoospores
The previous chapter described the development of a microfluidic platform with
normally-closed valves for concurrent zoospore compartmentalization and force sens-
ing. In this chapter the applicability of this platform is demonstrated via the capture
and culture of Achlya bisexualis zoospores on the chips. Furthermore, the platform
and integrated force sensing pillars were used to measure forces exerted by individual
germinated germ tubes at developmental stages.
6.1 Achlya bisexualis zoospore preparation
Prior to demonstrating force sensing, zoospores of A. bisexualis were used to demon-
strate the capture and culture function of the platform with integrated normally-closed
microvalves. Akin to the work described in Chapter 4, the oomycete A. bisexualis was
again chosen for this due to its status as model system and the relatively large size of
spores and hyphae. The zoospore solution itself was again produced though a starva-
tion cycle of A. bisexualis mycelium following the protocol described in Section 4.2.3.
In brief, six inoculum plugs from a fresh culture of A. bisexualis were evenly spread
on a pre-cleaned nappy liner placed on a PYG agar plate. After incubation at 26 °C for
24 hours, the nappy liner with inoculation plugs was peeled off and placed into a flask
with 100 mL PYG broth. The PYG broth was exchanged with the mineral salt solution
six times and placed overnight on a shaker at 26 °C, followed by another 24 hours of
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incubation while being swirled at 150 rpm and 26 °C. The contents of the flask were
poured through Kimwipes into centrifuge tubes and centrifuged at 800 rpm for 10 min.
Finally, the supernatant of the solution was removed, and collected zoospores were
re-suspended in mineral salt solution and stored in a 4 °C fridge. Before experiments,
the zoospore solution was mixed with PYG broth (1:1 v/v) and incubated at 26 °C for
2 hours to induce zoospores to germinate and grow larger.
6.2 Zoospore capture and maintenance
For demonstration of the capture and culture function of the platform with integrated
normally-closed microvalves, the prepared A. bisexualis zoospores were loaded into
the devices and the liquid handling structures on the chips used to compartmentalize
individual zoospores. To achieve this, the platform was first filled with PYG broth as
described in detail in Chapter 4, however, this time all the membrane valves were set
to their fully-open state (vacuum pressure applied by OB1 set to -1.0 bar, all MUX
switches on) individually, rather than via a single control inlet. Pre-cultured zoospore
solution was then introduced from the zoospore inlet by a syringe pump at a flow
rate of 5 µL/min. As a result of this, injected zoospores flowed along the zoospore
loading channel and were hydrodynamically captured by the constriction structure in
the measurement channels.
Figure 6.1(a) shows an example of a zoospore occupying a trap-site after passing
through the valve structure. Whether a zoospore entered a trap depended on how close
a flow path took the zoospore past a trap. To increase the chance of a trapping event
to occur, the width of the zoospore loading channel was decreased in this platform.
This was not possible previously, as the loading channel also acted as a valve in
the platform with normally-open valves, as also described by Geng et al. [109]. In
case of the normally-closed valves, these required a longer distance from the loading
channel to the trap-site to provide enough opening space for zoospores to pass by the
valve seat, as described in Section 5.3. Due to the use of horizontal-only constriction
structures, type B in Section 4.2.1, the flow in the measurement channels was not fully
interrupted after one zoospore was captured. These two design constraints together
may facilitate the trapping of multiple zoospores before the valves are fully closed.
Therefore, to address this issue, once a single zoospore was collected in a trap-site,
it was observed using bright-field microscopy and the corresponding microvalve was
partially-closed. The latter was achieved by shutting off the switch on the MUX
connected to this microvalve, while pressure from OB1 was kept at -1.0 bar. For the
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Figure 6.1: A series of light micrographs illustrating the trapping of pre-cultured
A. bisexualis zoospores using integrated normally-closed microvalves. (a) A single
zoospore was hydrodynamically captured in the trap-site of the left measurement chan-
nel while all microvalves were fully opening, and (b) the corresponding microvalve
was then partially closed, with other valves kept open. (c) Another zoospore was
trapped in the right hand side channel and (d) this microvalve also partially closed.
This process was repeated until all measurement channels were occupied by one
zoospore each. (e) Following this, PYG broth was injected into the fluidic layer of
platform from the media inlet at a flow rate of 5 µL/min, causing some of the trapped
zoospores to move towards valve seat. (f) Finally, all microvalves were simultaneously
completely-closed.
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example zoospore, this state is shown in Fig. 6.1(b). The reason why partial- rather
than complete-closure after the capture of zoospores was chosen was that the flow
characteristics in Section 5.3 showed the flow rate of media inlet did not decrease
dramatically when microvalves were partially-closed from the fully-open stage in
sequence. This suggested that, by doing so, subsequently trapped zoospores would not
suffer increasing shear forces, something which may happen if the occupied channels
were interrupted via complete-closure of corresponding microvalves. In addition, it
was demonstrated that partially-closed microvalves successfully stopped any subse-
quent microspheres before the valve seats. Meanwhile, other unoccupied microvalves
were kept in the fully open state. The same operation was repeated (see Fig. 6.1(c & d))
until all the measurement channels had trapped a single zoospore each, after which the
zoospore solution was stopped via the external syringe pump. At this point, the system
was switched to zoospore maintenance mode, for which the PYG broth was injected
into the fluidic layer of platform through the media inlet at a flow rate of 5 µL/min.
In contrast to zoospore loading, the pressure controller OB1 was used for this and
continuously supplied media during the entire period of culturing the zoospores on
the platform. When the system mode and thus media flows on the platform were
switched, some of the captured zoospores were observed to move backwards out of the
trap constriction towards the valve seat as a result of the small residual flow through
the partially-closed valve. However, as shown by the example in Fig. 6.1(e), all
zoospores for which this occurred were successfully retained by the partially-closed
state the microvalves were in. This phenomenon suggests zoospores or germlings
may be able to attach to the PDMS surfaces, which was also observed for C. albicans
hyphae by Thomson et al. [229], and, as such, could be used as a feature to estimate
zoospore adhesion prior to germ tube extension. As mentioned in Section 5.3.3, the
flow shear induced detachment experiments can be implemented on the platform with
normally-closed valves during various stages of zoospore germination and germling
growth via increasing the flow rate of the media inlet. To conclude trapping and
capture, all microvalves were completely closed by applying a positive pressure of
1.0 bar via the OB1 and opening all switches of MUX. All valves were then kept in
this state for the entire remaining culture period. Here all microvalves were operated
simultaneously to avoid imposing increasing flow rates and shear stresses on zoospores
when the microvalves were completely closed one after the other. Moreover, it was
demonstrated in the previous Section 5.3, that it took over 1 hour to complete diffusion
in the trap-sites from the media inlet when all the microvalves were completely closed.
To accelerate this process, the culture media was injected from the media inlet before
complete-closure of all microvalves to ensure the measurement channel filling with
6.2 Zoospore capture and maintenance 147
media before the valve closed.
In summary, a total of five capture and trapping experiments were conducted, each
with one device containing six traps. As part of these experiments, 17 zoospores were
successfully captured in measurement channels. In the first two experiments, only two
zoospores for each experiment were successfully captured in the trap-sites, mainly
because the trap-sites were occupied by empty cysts, which are difficult to avoid in the
process of encystment of zoospores using a vortex mixer [230, 231], before zoospores
flowed into the measurement channels. This was improved later on by pushing the
empty cysts out of the trap-sites via media injection from the media inlet on the other
side of the measurement channels. As a result, 3, 5 and 5 zoospores were trapped
in the latter three experiments. Of these, 13 zoospores germinated and grew on the
platform, resulting in a 76.5 % capture-to-growth success ratio, which was similar to
that observed in Chapter 4 for the previous platform with normally-open microvalves.
In addition, the morphology of zoospore germination was consistent with controls
cultured in a beaker with half-concentrated PYG broth [232]. Germination started
after 1 hour of culture at 27 °C, and 50 % and 70 % of the zoospores had produced
germ tubes at 2.5 and 3.5 hours, respectively.
Interestingly, three distinct growth patterns could be observed during germination of
the zoospores on the platform. In behavior designated type A, of which an example is
shown in Fig. 6.2, the germling of the trapped zoospore first extended a germ-tube
towards the valve seat. Once it reached the valve seat, the growth direction changed
in response to the tip contacting the PDMS valve seat and stopped completely once
one of the 90° chamber corners was reached. The directional change of tip growth
in this example resembled the thigmotropic response previously observed for hyphae
of C. albicans [229]. After growth of the initial germ-tube had stopped, the zoospore
began to grow a second germ-tube in the opposite direction to the first. The new
germ-tube grew through the constriction structure and along the measurement channel,
ultimately hitting, deflecting and passing the force sensing micropillar within a period
of approximately 3 hours. After 20 hours and more, germlings from each of the six
measurement channels had usually reached the media supply channel and begun to
grow towards the media inlet.
In the second growth pattern, denoted as type B, the trapped zoospore did not branch
during the entire culture. As shown in the example in Fig. 6.3, the germlings grew a
single germ-tube directly through the constriction structure, along the measurement
channel, finally hitting and passing the force sensing micropillar. The difference in be-
havior between type A and B could be related to the preferential arrangement and thus
polarity of the zoospore after hydrodynamic trapping. Consistent orientation (polarity)
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Figure 6.2: A time series of light micrographs showing the first of three specific
germination patterns (Type A) exhibited by individual A. bisexualis zoospores cultured
on the platform over a period of 21 hours. Initially, the germlings of the trapped
zoospores grew a germ tube towards the valve seat (0 - 4 hours), made contact with the
valve seat and stopped growing. Then they branched and put out a second germ tube
in the opposite direction (6 hours). The new germ tube grew through the constriction
structure in the measurement channel, ultimately hitting and passing the force sensing
micropillar (7 - 9 hours). After 21 hours of continuous culture on the platform, the germ
tube had grown into a hyphae and had entered the media supply channel, combining
with others originating from the other measurement channels. No growth was observed
entering the flow structures beyond the microvalves, such as the zoospore inlet/outlet
and loading channel, demonstrating successful and complete compartmentalization.
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Figure 6.3: A time series of light micrographs showing a second specific germination
pattern (Type B) exhibited by A. bisexualis zoospores cultured on the platform. The
trapped zoospores germinated and the germlings grew a germ tube directly through
the constriction structure in the measurement channel (0 - 4 hour). After 6 hours, the
tube finally hit and passed the force sensing micropillar. After 21 hours of continuous
culture on the platform, the germ tube had grown into a hypha, which merged with
others from the neighboring measurement channels in the media supply channel. No
hyphae entered the loading area beyond the microvalves.
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of zoospore encystment, cyst germination and thus germ-tube growth have been pre-
viously observed in, for example, Catenaria anguillulae, Plasmodiophora brassicae,
Rozella allomycis, Pythium sp, Phytophthora and Saprolegnia spp. [233, 234].
The third pattern, type C constituted the opposite case to type A. Germlings of trapped
zoospores grew germ-tubes through the constriction structures and along the measure-
ment channel first. However, after this first tube had grown a short distance of around
20 µm, the zoospores started branching and put out a new germ-tube in the opposite
direction towards the valve seat. Both of the germ tubes continued to simultaneously
grow for a few hours. However, at some stage the germ tubes growing towards the
valve seat stopped growing no matter whether they contacted with the valve seats or
not, while the germ-tubes towards the micropillars kept growing. Figure 6.4 shows
an example of type C where the germ-tube growing towards the valve seat stopped
while the other one kept growing, ultimately hitting and passing the micropillar. In
summary, the growth pattern of types A and B were observed to occur more frequently,
occurring in 6 and 5 samples out of a total of 13 samples respectively, while only 2
trapped zoospores showed type C patterns.
For further comparison, the growth of captured zoospores was observed every hour in
the latter three experiments (one chip per experiment, total chip number = 3, trapped
zoospore number = 12) and the total length of the germ-tubes growing from each
zoospore is summarized in Figure 6.5. The total length in this case was measured
from one apex of the germ-tube to the other apex of the germ-tube growing towards
the opposite direction in the cases of growth types A and C, or to the zoospore in the
case of growth type B. As described in Chapter 4, the constriction type B, which was
employed on this platform, provided significantly higher growth success ratios for
captured zoospores. However, a pre-culture of zoospores was required for trapping
in constriction type B. Therefore, the timeline was counted from the starting-point
of zoospore pre-culture, with the zoospore solution injected into the platform after
2 hours of pre-culture. As the data indicate, the majority of germlings grew slowly
in the first six hours with a mean growth rate (± SEM) of 0.4 ± 0.07 µm/min (range
= 0.09 - 0.83 µm/min, n = 12), after which the germ-tube length increased rapidly
through the eight hour mark with a mean growth rate (± SEM) of 4.1 ± 0.49 µm/min
(range = 1.07 - 6.11 µm/min, n = 11). It should be noted that one germling stopped
growing after seven hours for unknown reasons. In general, the germlings of type
C germination events were observed to grow much slower than other types, possi-
bly due to the additional energy the zoospore needed to grow the second germ-tube.
Other work has described the growth rates of hyphae from A. bisexualis to be around
8.3 µm/min on PYG plates [71], albeit for mature hyphae originating from mycelium,
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Figure 6.4: A time series of light micrographs showing a third specific germination
pattern (Type C) exhibited by A. bisexualis zoospores cultured on the platform. The
germlings of trapped zoospores grew germ tubes through the constriction structure in
the measurement channel towards the force sensing micropillar (0 - 2 hour). However,
at this point, germlings branched and put out a new germ tube in the opposite direction
towards the valve seat (3 hours). The new germ tubes stopped growing after ∼2 hours,
while the former one kept growing and ultimately hit and passed the micropillar (4
- 5.5 hours). After 16 hours of continuous culture on the platform, germ tubes had
developed into hyphae and had grown everywhere except for the loading area beyond
the microvalves.
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Figure 6.5: Plot of the total length of germlings germinating from individually trapped
zoospores (zoospore number = 12) and cultured on the platform. The blue, orange
and gray markers represent three pattern types (A, B, and C, respectively) of germ
tube growth observed on the platform. The shape of the markers represents the chip
they grew on (chip number = 3). The lines are spline-fitted lines of each experimental
result. Timelines were synchronized using the start of the pre-culture of zoospores.
Zoospore solution was injected into the platform after 2 hours of pre-culture.
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and around 6.1 µm/min in comparable microfluidic channels (35 µm wide and 30 µm
depth) on previously reported PDMS platform [133]. Both these appear to be slightly
higher than those for the germ-tubes originating from zoospores in the current example.
However, as mentioned in Chapter 4, Geng et al. observed a growth rate of 20 µm/h
for N. crassa germlings, which indicated the germlings were likely to grow slower
than mature hyphae [109]. While more comparative data will be needed to draw any
conclusions from this, the example shows that the platform can also be used to study
growth dynamics and potentially couple these with quantitative force measurements.
6.3 Force measurement on single germlings germinated
from zoospores
After demonstration and characterization of germination on the platform, forces ex-
erted by germ tubes extending from the compartmentalized zoospores were quantified
using the integrated force sensing micro-pillars. Prior to this work, to the best of
my knowledge, no force measurements had ever been reported for extending fungal
or oomycete germ tubes. All previous measurements documented in the literature,
including those of our own group, used mature hyphae, typically growing from a
mycelium [24, 80, 84, 133], as these are significantly easier to handle due to their
larger size. While some of the force measurement events presented in Chapter 4 could
be considered to be initiated by germ tubes, all of the impacting tubes in that example
were connected to a larger hyphal network via the outgrowth through the sieve valves.
Although the measurements shown here only constitute a proof-of-concept due to their
limited sample size, they clearly demonstrate the potential of the platform to contribute
to the study of biological processes that have been unexplored to date.
To demonstrate germ tube force sensing, a total of 10 germ tubes were tracked to
micropillar impact and deflection. Recordings of the deflection of force sensing mi-
cropillars were taken at an elevated frequency (one frame every 2 seconds) to improve
the resolution of force plot results, using the inverted microscope and digital camera,
while germ tubes grew close to the micropillars. Figure 6.6 shows the moment of
impact for all the recorded 10 cases of single germ tubes contacting with their re-
spective force sensing micropillars. Similar to the results obtained using the mycelial
platform in Chapter 3, a mixture of direct impact and squeezing interactions between
the germ tubes and the measurement pillars could be observed. Two out of a total
of 10 micropillar impact events were observed to be direct hit, while remaining 8
were squeezing events. This distribution was consistent with that in the mycelium
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Figure 6.6: Light micrographs showing all the 10 cases where germ tubes originating
from single A. bisexualis zoospores hit the force sensing micropillars. (a) 2 direct hit
and (b) 8 squeezing hit cases out of the total 10 recorded impact cases.
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platform for A. bisexualis hyphae, where around 18 % of 108 impacts were direct
impact [134]. This was again due to the resolution limit of the equipment used for the
fabrication process, which restricted how close sensor pillars could be placed next to a
channel wall, something which should be improved upon in future platform versions.
Moreover, another reason may be that the germ tubes prefer to grow along the walls of
channels, something which was observed for most cases of the squeezing hits. Similar
morphologies of hyphal growth were also observed for the fungi N. crassa [96] and
C. albicans [229]. In further versions of the platform, one method to improve the
number of direct hits to be investigated should be narrowing the width of measurement
channels to improve the guidance of germ tubes towards the force sensing micropillar.
Image processing to track the movement of the micropillar top was accomplished
using ImageJ, and the force was calculated by MATLAB as described in Chapter 3.
For a total of 6 out of the 10 recorded impact cases, movement of the pillar top could
be tracked using ImageJ. Failure to track the remainder was attributed to limitations
of the TrackMate ImageJ plugin [132], which is not currently optimized to track low
differential-contrast structures such as was formed by the transparent pillar top rings
when recorded with the inverted microscope. Figure 6.7 shows an example of protru-
sive force measurement on a single germling of the oomycete A. bisexualis, which was
observed to germinate from a single zoospore and grow following growth pattern type
C in the measurement channel before it directly hit the micropillar of 5 µm diameter.
Both force magnitude in x- and y-direction were calculated and plotted as a function
of time. The germ tube contacted and directly hit the micropillar at the time point
of 1 min, which resulted in the force in y-direction increasing rapidly up to around
0.56 µN, as indicated by the arrow in the plot. Following this, the germ tube slipped
to the right side of the micropillar and continued to grow into the gap between the
micropillar and the channel wall (2 - 5 min). As reflected in the force plot, the force
magnitude in the y-direction dropped back to around 0.15 µN, while the force in the
x-direction increased consecutively to 0.4 µN. Considering the low sample number
of force measurements on direct hit (n = 1), it is currently not possible to draw any
conclusions about the relationship between growth patterns of the germ tubes and
generated protrusive forces. However, the force component in hyphal growth direction
exerted by the example germ tube was smaller than forces exerted by mature hyphae
from mycelium, which were around 2 µN as mentioned in Chapter 4. One reason
might be that the distance from the mycelia seeding area to force sensing micropillars
was more than 900 µm, while the distance from zoospore trap-site to micropillars was
only 260 µm, thus providing reduced mechanical support and less space for hyphae to
grow robustly in the germ tube case. Again, as discussed in Chapter 4, with a fully
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Figure 6.7: Protrusive force measurement on a single germling of the oomycete A.
bisexualis. (a) A time sequence of micrographs showing the germ tube approaching
and directly hitting the force sensing micropillar over a period of 5 min. (b) Plot of the
force magnitude in the x- and y-directions as a function of time. The arrow in the plot
pointed the moment when the germ tube directly hit the micropillar and obtained the
maximum of protrusive force. The lines are spline-fitted lines of force results.
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validated platform in place more work now needs to be done on force measurements
at different stages of germling growth via placing multiple pillars spaced along the
measurement channels. As can be seen in Fig. 6.7, the signal noise was relatively high
when small forces under 0.5 µN were measured, mainly due to the resolution limit of
recording images using the inverted microscope. This should be able to be improved
on in the future by employing the long working distance microscope objective as
discussed in Chapter 7.
Meanwhile, in most cases, the germ tubes originating from single A. bisexualis
zoospores were observed to grow along the measurement channel walls, squeeze
and pass by the micropillar in the gap between it and channel wall. Such an event is
shown in Fig. 6.8, where the germ tube grew following growth pattern B. Similar to
the direct impact case, squeezing forces exerted by single germ tubes were measured
as a function of time and direction. For this example germ tube, the force in x-direction
increased to 2.0 µN, while the force in y-direction only slightly increased to 0.8 µN
within the same time-period of 5 min. The total squeezing forces ranged from 0.2
to 2 µN, which is smaller than those exerted by the hyphae from mycelia, the latter
ranging from 0.5 to 10 µN [133]. Again, as discussed in previous paragraphs and
Chapter 4, having demonstrated its applicability, the platform will now need to be
modified to avoid the squeezing impact on the force sensing pillars via an increase of
the fabrication resolution or design changes. Efforts towards this are currently under-
way, including the investment by the University of Canterbury into a two-photon 3D
printer, which will enable the fabrication of higher-resolution molds. In the meantime,
the current platform has enabled the first compartmentalized screening of zoospore
germination and growth morphology of resulting germlings together with protrusive
force measurements on germ tubes. The separated normally-closed microvalves not
only restrained the backwards growth of germ tubes to the loading channel, but also
improved the trapping efficiency of single zoospores.
6.4 Conclusion
Zoospores of the oomycete A. bisexualis were used to demonstrate the applica-
bility of the platform to germling maintenance and force sensing on germ tubes.
Single zoospores, introduced via the zoospore loading channel, were shown to be
hydrodynamically-guided, over the valve seats and captured in the trap-sites by the
engineered channel constrictions while the microvalves were fully open. Once mi-
crovalves corresponding to occupied channels were partially closed, further trapping
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Figure 6.8: Force measurement on a single germling of the oomycete A. bisexualis. (a)
Time sequence of micrographs of the germ tube approaching the pillar and squeezing
past it over a period of 5 min. (b) Plot of the force magnitude in the x- and y-directions
as a function of time.
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of zoospores in other unoccupied channels continued unhindered.
Following trapping and compartmentalization via full microvalve closure, germina-
tion and growth of germ tubes along the measurement channels could be observed.
Normally-closed microvalves were able to stop potential reverse growth of germ tubes
via the sealed valve seats. During this process, three distinct germ tube growth patterns
were observed, the biological basis of which will be further studied in the future.
Proof-of-concept force sensing on germ tubes was demonstrated and, similar to work
on the mycelial platform in Chapter 3, was found to manifest squeezing and direct hit
pillar interaction events. Although preliminary due to the reduced sample set, force
magnitudes observed for germ tubes originating from individual zoospore germlings
appeared to be on average smaller than for mature hyphae originating from mycelia. In
summary, this chapter demonstrates that the integrated platform introduced in Chapter
5, has the potential to enable significant new biological discoveries to be made and




This chapter summarizes the work presented in this thesis, highlights the major contri-
butions made and conclusions drawn. Suggestions and recommendations for future
work are also given.
7.1 Thesis summary and conclusions
The research presented in this thesis contributes to the field by developing a collection
of compartmentalization and force sensing LOC platforms for the study of fungal
and oomycete hyphae and spores, which could be used to test anti-fungal/oomycete
compounds on individual cells. Considering the widespread and severe impact of
fungal and oomycete infections, as well as their diversity and drug resistance, increased
understanding of biological processes is essential to aid discovery of novel treatments.
This research, in particular, provides a tool for parallelized screening on individual
hyphae and spores of fungi and oomycetes to help understand the mechanisms of
invasive growth and overcome antifungal drug resistance. By inducing single hyphae
to grow along parallel microchannels and then contact with free-bending micropillars,
morphology analysis and force sensing of invasively growth could be implemented in
parallel with cytoskeletal imaging on individual hyphae. Moreover, the development
of combined compartmentalization and immobilization of single zoospores enabled
parallel observations during various life-cycle stages of fungi and oomycetes, such as
spore germination, germling growth and germ tube extension.
The existing LOC platform for the characterization of hyphae originating from fungal
and oomycete mycelia was optimized to contain a sequence of parallel microchannels,
each housing a single elastomeric micropillar as force sensor. To achieve this, pro-
cess parameters for a combination of novel negative and positive photoresists were
162 Conclusions and Recommendations
characterized. The resists were used to fabricate a multi-layer mold with integrated
high-aspect ratio pillar cavity inside a channel constriction, and a vertical gap between
the micropillar top and the channel lid to allow for free bending. The thickness and
corresponding exposure dose of the photoresists were further optimized to acquire
high-aspect ratio micropillars adapted to microorganisms with smaller hyphal sizes.
Single free-bending micropillars in each channel were successfully fabricated, achiev-
ing a minimum diameter of 5 µm and maximum height-to-diameter aspect ratio of
3.4, close to the resolution limit of the equipment available. The applicability of the
optimized mycelial devices was demonstrated using the oomycete A. bisexualis and
the fungus N. crassa with the latter acting as an example of a species with smaller
diameter hyphae.
In parallel, a LOC platform for fungal and oomycete spores was developed by inte-
grating the same in-channel micropillar force sensors with a single spore compartmen-
talization system. For this, hydrodynamic trapping was implemented by adding trap
sites with constriction structures at the entrance of each of the parallel measurement
channels. Due to their adaptability and compatible fabrication processes, pneumatic
membrane valves in the form of normally-open sieve microvalves were first utilized to
immobilize captured spores. This resulted in the fabrication of a monolithic device
consisting of two PDMS layers, a gas layer and a fluidic layer, separated by a thin
PDMS membrane. Individual zoospores of the oomycete A. bisexualis were success-
fully loaded into and retained in the trap sites, and their germination and force exertion
by the resulting germ tubes observed. Two types of the constriction structures were
evaluated for their impact on zoospore trapping and germination efficacy. The results
showed that, although the vertical constriction-only trap could only capture zoospores
of larger size, the growth success ratio of zoospores trapped by it was much higher
than for the combined horizontal and vertical constriction type. Based on this, vertical
constriction-only traps were used for all subsequent devices. The platform was shown
to enable the capture of single zoospores of A. bisexualis, their germination during
long-term culture and force sensing on germ tubes extending from the germlings. In
the process, it was observed that germ tubes were able to grow towards and through
the normally-open microvalve due to the incomplete seal formed by the sieve valve.
In order to address this issue of backwards growth of germ tubes into the loading
channel and also the occasionally observed accumulation of zoospores in the trap
sites, independently controlled normally-closed membrane valves were incorporated
into measurement channels in substitution of the sieve valve. Due to the complexity
of the valve structure, special protocols had to be developed for device assembly.
These included the use of a customized PDMS chip aligner to precisely align the gas
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and fluidic layers, a continuous vacuum application to prevent PDMS membranes
from bonding to valve seats, and keeping the measurement channels fully hydrated to
avoid post-alignment valve sticking and micropillars collapse. Air chamber sizes of
the normally-closed valves were optimized for single zoospore transportation using
microspheres and colored liquid. In addition, the flow characteristics of platform and
microvalve operation were characterized, showing that the microvalves were open,
partially-closed and completely-closed while under the pressures of -1.0, 0 and 1.0 bar,
respectively. Results of these flow experiments also showed that, when the inlet flow
rate was set to 5.0 µL/min, the average flow rate in each channel was 0.4 µL/min
when all six microvalves were partially-closed, which amounted to a quarter of the
flow rate in the condition that one microvalve was partially-closed and others were
completely-closed. With the partial-closure of all microvalves, the shear stress on
trapped zoospore was calculated reaching a minimum of 1.4 Pa using the flow rate of
channels.
Finally, zoospores of oomycete A. bisexualis were used to demonstrate the applicability
of the platform with normally-closed membrane valves. In experiments, once a single
zoospore was observed to be captured in the trap site, the corresponding microvalve
could be partially closed. This was repeated until all six trap sites were occupied. Then,
all the microvalves were completely closed and PYG broth was continuously supplied
from media inlet for long-term maintenance and culture. For captured zoospores a
growth success ratio (13/17) similar to that of the normally-open sieve valves was
obtained. All resulting germlings were observed to grow through the constriction along
the measurement channels, however for some this only happened after they had first
grown towards the valve seats and then, branched a second germ tube in the opposite
direction. All growth of germlings and germ tubes back towards the valve seats was
successfully contained by the completely closed microvalves. Analysis of the hyphal
growth rates indicated that most of the resulting germ tubes grew slowly during the
first 6 hours at an average of 0.4 ± 0.07 µm/min, and then sped up to reach an average
of 4.1 ± 0.49 µm/min after 8 hours. Both, direct impact and squeezing interaction
between germ tubes and force sensing micropillars, and consequent pillar deflection,
could be recorded. The forces exerted by the germ tubes from the zoospores were mea-
sured to be smaller on average than those exerted by mature hyphae from a mycelium.
However, more biological replicates are required to quantify the protrusive forces
generated by germ tubes, and investigate the relationship between growth patterns of
germ tubes and their growth rates or protrusive forces. Additional improvements and
modifications for future versions of the platforms, which address current issues and
expand their applications, will be discussed in the next section.
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7.2 Recommendations for future work
The first and foremost technical issue that needs to be improved is the tracking of the
micropillar deflection. Given the thickness of the two-layer PDMS platform and the
space for tubing connection within it, an inverted microscope had to be employed to
record the deflection of force sensing pillars from the bottom of the platform. This
makes the tracking of the micropillar top extremely difficult at the point when the germ
tubes contacted with micropillars, mainly because the top of the micropillar is partially
obstructed. One solution to this could be the use of long working distance microscope
objective lenses combined with a redesign of the platform, shifting the inlet and outlet
port positions away from the measurement channels. Alternatively, connecting the
tubes from the side of PDMS platform, as shown in Section 3.2.1, Fig. 3.12, should be
considered. In the latter case, the platform fabrication and assembly processes may
need to be further optimized, along with enlargement of the device size to enable side
tubing connections. These efforts should improve the accuracy of tracking and extend
the resolution of force sensing, which will be crucial if the platform is to be used with
even smaller diameter species.
Proof-of-concept force sensing on germ tubes of the oomycete A. bisexualis was
demonstrated in Chapter 6, however, the number of squeezing impact events was
significantly higher than that of direct impact events. Given that protrusive forces were
sensed by the direct hitting of micropillars, it is important to improve the direct versus
squeezing impact hit rate, thus enhancing the efficiency of protrusive force sensing
on the platform. As discussed in previous sections, several methods are currently
being considered for this, such as increasing the resolution during chip fabrication to
place micropillars closer to the channel walls using a new two-photon 3D printer, and
horizontal redesign of the measurement channels to better guide germ tubes towards
the micropillars. In the meantime, it is imperative to increase biological replicates on
the chips in order to evaluate the values of the protrusive forces exerted by germ tubes
germinated by zoospores, in particular compared to mature hyphae of mycelium. Later
on, extended investigations, such as on the effects of compounds on germ tube growth
and protrusive forces, and forces sensing on other microorganisms, should be done
using this platform.
One feature of pathogenic fungi and oomycetes, that is worth further investigation
on the existing platform is the study of adhesion of the germlings to host surfaces,
particularly in the early stages after spore trapping. Cell-substratum adhesion is
common in both fungi and oomycetes, and plays an important role in infection, as
it secures spores to host surfaces for subsequent penetration [235, 236]. Existing
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work has shown that certain enzymes, which degrade the fungal glues, can disrupt
adhesion of spores and thus inhibit infections without damage of host plants [45].
This could provide a practicable strategy of infection control of fungal and oomycetes
disease. In order to quantify the strength of adhesion to a polystyrene surface, Li
and Palecek utilized a parallel plate flow chamber to generate a known shear stress,
thus detaching yeast cells from the surface of a Petri dish [228]. The results showed
expression of EAP1 in mutant strains of the human fungal pathogen C. albicans
significantly enhanced attachment to human kidney epithelial cells, HEK293. For the
normally-closed microvalve platform developed as part of this thesis, the shear stress
in each measurement channel can be calculated and adjusted via the inlet flow rates, as
described in Section 5.3.3. Therefore, the adhesion strength of trapped zoospores and
germlings in various growth stages could be measured by opening the microvalves and
pushing them back towards the valve seats under given flow rates.
Another goal should be the integration of the zoospore trapping and force sensing with
on-chip culture of plant roots. This would allow one to observe the invasive growth
of individual germlings and hyphae of fungi and oomycetes, as well as penetration
of the tissue of plant roots, thus enabling the direct investigation of root-pathogen
interactions. For example, germination and growth of Arabidopsis thaliana roots,
which is a common model for plant biology, have been reported on microfluidic
platforms [87, 93, 237]. Grossmann et al. grew Arabidopsis seeds in micropipette tips,
which were filled with agar and inserted into agar plates, for five days and then plugged
the tips into holes on a microfluidic platform [237]. The Arabidopsis roots were
observed to grow from the pipettes into individual microchannels on the platform. The
root growth and cytosolic sugar levels in plants could be monitored during the long-
term culture. More recently, Jiang et al. developed a vertical arrangement microfluidic
chip for quantitative monitoring of plant phenotypes at the whole organismal stages,
including seed germination, root and shoot growth [87]. The Arabidopsis seeds were
automatically placed in holding sites using a hydrodynamic trapping method and
grew gravitropically downward into the tapered channels. Arabidopsis plants could
be cultured on the chip for up to 11 days and showed a similar morphology and
physiology to those grown on conventional agar plates. These methods can be applied
to the existing platform for further research on plant-pathogen interactions.
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Mycelial Force Sensing Platform
A.1 Formation of air bubbles during spin-coating
Due to the channel patterns on the first layer of photoresist, air bubbles formed during
the second layer photoresist spin-coating, as shown in the Fig. A.1. To overcome this
problem, a 2-step spin-coating process was utilized on a programmable spin-coater, as
described in Section 3.2.1.
Figure A.1: Photographs of (a) a Si wafer coated with negative photoresist ADEX05
as first layer and positive photoresist AZ 40XT as second layer. (b) Air bubbles were
generated during the spin-coating of AZ 40XT at 2000 rpm for 30 sec, preventing
further processing.
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A.2 Previous alignment mark
Figure A.2 shows the previously used alignment mark, which contained a large square
on the first layer and four small squares on the second layer, overlapping at each corner
of the large square. This design made it difficult to align two layers of photoresists
with the required precision, especially in the area of the pillar cavity.
Figure A.2: Optical micrographs of previously-used alignment marks. (a & b) Patterns
on the first and second layer masks. (c & d) Fabricated alignment marks on left and
right side of the photoresist master indicating sufficient alignment accuracy. (e & f)
Images of measurement channels on the same master showing the second layer out of
alignment in the constriction area despite the alignment mark overlap.
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A.3 AZ 12XT thickness
Figure A.3 shows the relationship between the spin-coating speed of AZ 12XT, as
determined with the pre-processed negative photoresist AZ 15nXT coated to a thick-
ness of 2.6 µm as the first layer, and the resulting total thickness of the measurement
channels. In this arrangement the thickness of measurement channels decreased from
18.6 ± 0.26 to 10.2 ± 0.38 µm, while the speed of spin-coating increased from 1000
to 2000 rpm.
Figure A.3: Plot of the total thickness of measurement channels as a function of the
speed of spin-coating of AZ 12XT. A 2.6 µm thick negative-tone photoresist AZ
15nXT was used as subjacent first layer.

Appendix B
Monolithic Platforms with Single
Zoospore Capture, Germination and
Single Hypha Force Sensing
B.1 Fabrication process of platform
The PDMS chips of either gas or fluidic layer were fabricated by replica-molding of
photoresist masters. As for the mycelial platforms, a two-layer photoresist master was
required for the fluidic layer. Figure B.1 shows the two photomasks manufactured
for the fluidic layer using µPG101. The first-layer mask for the negative photoresist
contained the outline of channels and constriction structures inside channels, while the
second-layer mask for the positive photoresist had additional features of micropillar
cavities and vertical obstacle for constriction type A. For the gas layer master, standard
photolithography processing was used. Fabricated photomask, photoresist master with
50 µm high negative photoresist patterns and PDMS-casted chip are shown in Fig.
B.2.
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Figure B.1: Optical micrographs of fabricated photomasks for the fluidic layer with
constriction type A. (a) First-layer mask for negative photoresist including a 120 µm
wide zoospore loading channel and parallel measurement channels. (b) Second-layer
mask for positive photoresist. (c & d) Detailed view of first and second-layer mask in
the constriction structure area including a vertical obstacle for constriction type A. (e
& f) Detailed view of first and second-layer mask for micropillar cavities.
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Figure B.2: Optical micrographs of fabricated photomask (a & b), master mold coated
with negative photoresist ADEX 50 (c), and PDMS chip (d) for the gas layer.
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B.2 Microsphere capture and retention tests
To optimize the width of the zoospore loading channel, capture and retention tests
using 20 µm diameter microspheres were carried out on the platforms with 60, 120 and
190 µm wide loading channels. Microsphere suspension was injected into the fluidic
layer from the zoospore inlet at a flow rate of 20 µL/min using the syringe pump.
After capture of the microspheres in the trap-sites of the measurement channels was
observed, the membrane microvalve was closed by applying the previously determined
positive pressure (2.0 bar) to the gas layer of the platform. DI water was then pumped
into the fluidic layer from the media inlet at a flow rate of 5 µL/min using the pressure
controller, while sample flow from the zoospore inlet was stopped. Figures B.3 and
B.4 show the results of experiments on 60 and 190 µm wide loading channel platforms.
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Figure B.3: Microsphere capture and retention tests on the platform with the 60 µm
wide zoospore loading channel. (a, c & d) Optical micrographs showing that, while
a single microsphere could be captured in the trap-site of one measurement channel,
it could not be retained even if the membrane microvalve was closed at pressure of
2.0 bar. After DI water was pumped from media inlet to simulate perfusion, the
microsphere flowed into the corner of the zoospore loading channel. Note, in this
example the microvalve chamber was overlapping the zoospore loading channel due to
an alignment error. (b, d & f) Optical micrographs showing the same loss of retention,
but on a device where the microvalve chamber was more precisely aligned to zoospore
loading channel.
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Figure B.4: Microsphere capture and retention tests on the platform with a 190 µm
wide zoospore loading channel. (a, c & d) Optical micrographs showing a single
microsphere being captured in the trap-site of one measurement channel, the membrane
microvalve being closed at a pressure of 2.0 bar, and the microsphere flowing back
against the membrane valve after the DI water was pumped from media inlet. Note, in
this example the microvalve chamber was overlapping the zoospore loading channel
due to an alignment error. (b, d & f) Optical micrographs showing the same on a
device where the microvalve chamber was more precisely aligned to zoospore loading
channel.
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B.3 Zoospore trapping test with constriction type B
Single zoospore trapping tests were implemented on the platform with two types of
constriction structures. Figure B.5 shows the results for constriction type B, which
only constricted in horizontal direction. It was observed that smaller, initially captured
zoospores were eventually squeezed and pushed through the trap sites.
Figure B.5: Single zoospore trapping test on the platform with constriction type
B (constriction only in horizontal direction, 8 × 30 µm width × height). Optical
micrographs showing a zoospore was captured by the constriction structure in the
beginning (0.24 sec), but eventually pushed through the constriction (0.63 sec) due to
increased fluid shear.
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B.4 Improved experimental setup
Contamination with bacteria and other undefined organisms growing in the platform
were observed during long-term on-chip culture. In order to reduce the occurrence
of contamination, the experimental setup was improved, as shown in Fig. B.6. This
included the autoclaving of all tubing and containers, assembly of them in a sterile
laminar flow hood and adding filters on each channel of the OB1.
Figure B.6: Photographs of the improved experimental setup to prevent contamination.
(a) Fittings and tubings were autoclaved and connected in the laminar flow hood. (b)





C.1 Fabrication of the LOC platform
Both gas and fluidic layer of the platform were fabricated by PDMS casting from
photoresist masters. For the gas layer photoresist master, standard photolithography
processing was utilized. Figure C.1 shows the photomask, photoresist master and
PDMS chip for the gas layer with various sized air chambers merging to a single gas
inlet port. Meanwhile, the photoresist master of the fluidic layer was fabricated as
a two-layer master according to the protocol described in Section 3.2.1. Figure C.2
shows two fabricated photomasks for the first negative photoresist layer and second
positive photoresist layer of the fluidic layer master.
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Figure C.1: Optical micrographs of fabricated photomask, photoresist master and
PDMS chip for the gas layer. (a - c) Photomask with various air chamber sizes and
their detail views. The red box in (b) indicates the example area highlighted in (c -
e). (d) Photoresist master wafer with SUEX 100 photoresist coated and (e) replicated
PDMS chip.
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Figure C.2: Fabricated photomasks for the fluidic layer. (a, c & e) Optical micrographs
of the first layer photomask for negative photoresist, and detail view of the valve
seat and constriction structure. (b, d & f) Optical micrographs of the second layer
photomask for positive photoresist and detail view of valve seat, constriction structure
and micropillar cavity.
202 Integration of Normally-Closed Microvalves
C.2 Collapse of micropillars
During the chip assembly, DI water was injected into the fluidic layer through the
zoospore inlet to prevent the PDMS membrane from permanently contacting with
the valve seats. However, as a result of this, the force sensing micropillars in the
measurement channels could be observed to collapse in random direction towards the
side walls of the channels after the fluidic chip dried out, as shown in Fig. C.3. A CO2
critical point dryer has been proved to avoid pillar collapse during the drying of PDMS
[208], which could be a solution in the future.
Figure C.3: Optical micrographs of measurement channels containing the force sensing
pillars. (a) DI water was filled in the fluidic chip. (b) Drying of the fluidic channels on
the chip led to permanent collapse of the micropillars in different directions against
the channel walls. This collapsed state could not be recovered by successive filling
with media.
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C.3 Gas layer with separate inlet ports
The design of the gas layer was optimized to achieve individual control of the mem-
brane valves for each measurement channel. Figure C.4 shows the fabricated pho-
tomask, photoresist master and PDMS chip for the gas layer, in which the air chamber
of each valve was connected via a separate gas port, rather than converging at single
inlet.
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Figure C.4: Optical micrographs of fabricated photomask, photoresist master and
PDMS chip of the gas layer for independent microvalve control. (a & b) The photomask
with separated inlets for each air chamber and its detail view (red outline). (c & d)
The master wafer coated with SUEX 100 photoresist. (e & f) The same detail on the
fabricated PDMS chip.
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C.4 Fluidic resistance
Equivalent to Ohm’s law, ∆V = RI for an electrical potential drop ∆V along a wire, a
pressure drop ∆P through a straight channel can be summarized as [238]:
∆P = RFQ (C.1)
where RF is the fluidic resistance and Q is the flow rate. For channels with rectangular





where η is the fluidic viscosity, w and h are the width and height of the channel.
Therefore, when all the microvalves are open, the fluidic layer of the platform could be
approximated as shown in Fig. C.5(a & b). Each part of the channel was considered as
a fluidic resistance and calculated using equation C.2 with the valve section modeled
by a straight rectangular channel in first approximation. Then the fluidic resistances of
two flow paths, from Zoo.In to Zoo.Out and from Zoo.In to Med.Out, were calculated
as 185 and 197 TΩ using an online resistor network tool created by Kirill Kryukov
[239].
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Figure C.5: Fluidic resistance estimation for the fluidic layer when all microvalves are
open. (a) Schematic showing each part of the channel being considered as a fluidic
resistance. (b) Network diagram showing calculated results of fluidic resistances
for each part of the channels using equation C.2, as displayed by the online resistor
network tool. (c) Schematic showing two flow paths, from Zoo.In to Zoo.Out and from
Zoo.In to Med.Out, whose fluidic resistances were calculated using the online tool.
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C.5 Flow characteristics test B
In test B, only one switch (channel No. 1 in stage I - III, or channel No. 6 in stage IV -
VI) of the MUX was set to ON during the experiments, as shown in Fig. C.6. This
resulted in the single valve turning from fully opened (pressure = -1.0 bar, I and IV) to
partially closed (pressure = 0 bar, II and V) and finally to completely closed (pressure
= +1.0 bar, III and VI), while the other five microvalves were kept partially closed.
Figure C.7 shows the plot of the flow rates for test B, with the decrease in flow rate for
the media outlet could be observed at the point of partial or complete closure of the
valve. This indicated that the sensors attached to each outlet had sufficient resolution
to visualize individual valve closing events.
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Figure C.6: Optical micrographs of flow characteristics test B, for which only one
switch of the MUX was set to ON (channel No. 1 or No. 6) and the other five switches
were kept OFF during the test. (I - III) Only the switch of channel No.1 was set to ON.
The membrane valve of channel No. 1 was fully opened (vacuum pressure = -1.0 bar)
first, then changed to partially closed (pressure = 0 bar) and completely closed at last
(positive pressure = 1.0 bar). (IV - VI) Only the switch of channel No. 6 was set
to ON. Similarly, the valve was firstly fully opened, then partially closed and finally
completely closed.
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Figure C.7: Plot of flow characteristics test B. The blue line represents the pressure
applied by the pressure controller OB1. The yellow, gray and red lines are the flow
rate measured at the zoospore inlet, outlet and media outlet, respectively, using the
flow sensors. Each stage from (I) to (VI) corresponds to the photographs shown in
Fig. C.6.
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C.6 Flow characteristics test C
In test C, the flow characteristics were tested while the membrane valves were partially
and completely closed in two sequences. Figure C.8 shows the case when valves were
operated in the reverse order of stage I and II (from channel No.6 to No.1), which was
described in Section 5.3.3. In detail, all six microvalves were first fully opened, then
became partially closed one-by-one from channel No.6 to No.1 (stage III). In the next
stage IV, microvalves were completely closed in the same order. The flow rates of
zoospore inlet/outlet and media inlet are plotted in Fig. C.8, showing no significant
difference in flow rate behaviour between these two cases of microvalve operation
(from channel No.1 to No.6 or from channel No.6 to No.1).
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Figure C.8: Optical micrographs of the repeat flow characteristics test C (2). (III) All
of the membrane valves were fully opened (vacuum pressure = -1.0 bar, all switches
of MUX were ON) firstly. The switches were then turned off in reverse from channel
No. 6 to No. 1, resulting in the corresponding microvalves becoming partially closed
(pressure = 0 bar). (II) Thirdly, the pressure applied by OB1 was set to 1.0 bar and
the switches were turned on in the same order (from channel No. 6 to No. 1). This
resulted in the corresponding microvalves becoming completely closed. Note: DI
water was continuously pumped from the zoospore inlet.
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Figure C.9: Plot of flow characteristics test C. The blue line represents the pressure
applied by the pressure controller OB1. The yellow, gray and red lines are the flow
rate measured at the zoospore inlet, outlet and media outlet, respectively, using the
flow sensors. Stages III and IV correspond to the photographs shown in Fig. C.8. The
flow rate of zoospore inlet was set to 5 µL/min by a syringe pump.
